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Abstract 
 Copper zinc tin sulfide (Cu2ZnSnS4 or CZTS) is a promising candidate as a 
sunlight absorbing layer in thin film solar cells. This emerging material has a band gap of 
1.45 eV, ideal for the solar spectrum, and absorbs sunlight efficiently, making it a 
potentially viable replacement for CdTe and CuIn1-xGaxSe2 in thin film solar cells.  
Unlike the commercially available thin film solar cells, comprised of CdTe or CuIn1-
xGaxSe2, CZTS is comprised of earth abundant and non-toxic elements. Power conversion 
efficiencies in CZTS based solar cells have risen quickly. However, there is still a need to 
develop low-cost and scalable synthesis methods. Furthermore, the rapid rise in CZTS 
solar cell efficiencies is largely due to a trial-and-error approach to assembling devices, 
which has relied heavily on utilizing existing geometries for CuIn1-xGaxSe2 solar cell 
devices. This has led to a knowledge gap in the fundamental material properties of CZTS, 
which this thesis aimed to help close. 
 We first worked to address the need for a low cost synthesis method by adapting a 
process already used to make CuIn1-xGaxSe2 on an industrial scale, ex situ sulfidation of 
Cu-Zn-Sn thin metal alloy films. In this approach the metal alloy films are exposed to 
sulfur vapor at elevated temperatures to form CZTS. Specifically, Cu-Zn-Sn thin films 
were co-sputtered onto suitable substrates and then loaded into an evacuated quartz 
ampoule with a known weight of sulfur (1-100 mg). This ampoule was subsequently 
heated to a desired predetermined sulfidation temperature, typically for 8 hours, and then 
cooled back to room temperature. We investigated the effects of both sulfidation 
temperature and the substrate. We found that at 600 oC, regardless of the substrate, phase-
pure CZTS films were obtained from precursor films with compositions close to the 
stoichiometric ratio of Cu, Zn and Sn. Interestingly, we found that if a substrate contains 
group I metals, such as Na and K, common impurities in soda lime glass (SLG) 
substrates, phase-purity was achieved at temperatures below 600 oC. Furthermore, films 
grown on SLG exhibited much larger grain sizes than films grown on any other substrate.  
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 We investigated strategies to tune the stoichiometry of CZTS films through ex situ 
sulfidation, an important consideration as films that are nominally Cu poor and Zn rich 
perform better in solar cell devices. We found that within a closed system, like our quartz 
ampoule, the Sn content was self regulating such that the Cu-to-Sn ratio always 
approached two. The mechanism to achieve this end composition was facilitated by 
volatile SnS. In Sn rich films SnS evaporation reduced the Sn content while in Sn poor 
films SnS from the vapor phase could react and incorporate into the film through reaction 
with Cu2-xS, an intermediate phase. Thus, Sn deficiency in precursor films can be 
corrected by including ~ 1 mg of elemental Sn in the sulfidation ampoule, which 
generates SnS vapor above the film. This facile removal and addition of Sn from the film 
allows significant tolerance for Sn concentration in the precursor films. The Cu-to-Zn 
ratio was controlled by changing the sputtering rates of Cu and Zn containing targets used 
in the co-sputtering.  
 We found that impurities, such as Na and K, from the SLG substrates are 
volatilized under the aggressive sulfidation process and can be incorporated into the 
CZTS films through the vapor phase. The presence of these impurities leads to a 
significant increase in the grain size in CZTS films. TOF-SIMS depth profiling of CZTS 
films demonstrated that Na, K, and Ca from SLG can be incorporated into the CZTS 
films either by diffusion from the substrate or by vapor transport of volatile species. 
Based on this finding, we developed a method to introduce Na, K and Ca into the CZTS 
films through the vapor phase by coating the sulfidation ampoule with NaOH, KOH or 
Ca(OH)2. These coatings volatilize during sulfidation and incorporate Na, K or Ca into 
the CZTS. We found that Na and K were responsible for the enhanced grain growth 
realized with SLG, and that this hydroxide coating method allowed us to tune the grain 
size in the films by varying the amount of NaOH or KOH coated onto the ampoule wall. 
We also found that grain sizes in CZTS films increased with increasing S pressure. 
 Finally, we investigated the effect of the Cu-to-Zn ratio, grain size and Na 
incorporation on  the electronic properties of CZTS films. We found that all CZTS films 
were p-type and that decreasing the Cu-to-Zn ratio decreases the hole concentrations. 
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Films that were Cu-rich and Zn-poor exhibited very high hole concentrations (1020 cm-3), 
but the hole concentrations decreased dramatically as the Cu-to-Zn ratio was reduced. We 
found that increasing the grain size, without the addition of an impurity such as Na or K, 
leads to higher hole mobilities and lower hole concentrations in Cu-poor and Zn-rich 
films. The addition of Na dramatically increases hole concentrations particularly in films 
that were were stoichiometric or Cu-poor and Zn-rich to. in contrast, the resistivities and 
carrier concentrations in Cu-rich films remain essentially unchanged regardless of the 
grain size or whether Na was present in the films. Temperature dependent resistivity 
measurements show that all films exhibit semiconducting behavior, even when they are 
Cu-rich and Zn-poor and the carrier concentrations exceed the critical carrier 
concentration for a metal-insulator transition. We found that all films exhibit various 
forms of variable range hopping. Based on these observations and findings, we propose 
that high degrees of compensation and fluctuating band gaps and band edges are 
responsible for suppressing the metal-insulator transition in Cu-rich films. 
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Chapter 1  
Introduction 
1.1 Future Potential & Current Status of Solar Cell Market 
 A sustainable and economical method of electricity production is vital to quality 
of life. The global demand for electricity is 2 terrawatts and is increasing at a rate of 2.3% 
per year.1 Two thirds of this power comes from burning fossil fuels, a practice that is 
altering our planet’s climate and ecosystem. Direct conversion of sunlight to electricity 
using solar cells offers a sustainable path to meet the global electricity demand.  In fact, 
covering just 0.1 % of the earth's surface with 20% efficient solar cells would provide the 
entire global electric energy demand: this is approximately one sixth of the area covered 
by paved roads in the U.S. Despite its tremendous potential for large-scale energy 
production, solar cells currently supply less than 1% of the global electricity demand. 
One of the limiting factors to wide scale photovoltaic deployment (PV) has been its high 
up front production costs; however this is quickly changing. 
 Figure 1.1, adapted from a market report performed by Deutsche Bank2 shows 
just how rapidly the cost of providing electricity from PV is decreasing within the United 
States. This figure shows how the cost per kW hr for three of the leading PV 
technologies, crystalline silicon (C-Si), copper indium gallium diselenide (CIGS) and 
cadmium telluride (CdTe), has been decaying nearly exponentially. At the same time, the 
cost of traditional fossil fuel based electricity is anticipated to gradual increase at between 
4 to 6% a year, represented by the dashed red line. This figure clearly shows that we are 
currently on the cusp of "grid parity," or the point at which the cost of electricity over the 
lifetime of a solar cell is the same as that from traditional, fossil fuel based sources. In 
some locations in the Southern portion of the United States grid parity has already been 
reached.   
  2 
 
Figure 1.1 The projected costs of traditional fossil fuel electricity production (dotted red line), and 
projected costs of three existing solar cell technologies, crystalline Si (green), copper indium gallium 
diselenide (pink) and cadmium telluride (blue). Data adapted from Ref. (2) 
 
 As the cost of solar cell production continues to drop, the level of PV deployment 
is increasing at an equally impressive rate. The global capacity of PV has been doubling 
every 2.5 years since 1975.3 In fact, the International Energy Agency estimates that PV 
may provide up to 11% of the globes electricity needs by the year 2050.4 To continue 
bending the solar energy cost curve downwards and to meet GW and TW levels of 
production, however, places certain demands on the types of solar cells we use and 
manufacture. Specifically, the materials used within solar cell devices must be 
inexpensive to process and be abundant within the earth's crust. 
 The current solar cell market is dominated by crystalline silicon (c-Si) based 
devices, such that 82% of the solar cell market is comprised of single crystalline or 
polycrystalline silicon solar cells.6 This is not without good reason; c-Si based solar cells 
are a thoroughly studied and mature technology. The highest reported module power 
conversion efficiency for a single crystalline Si solar cell stands at an astonishing 22.9%.7 
This technology is not without its problems though.  Electronics grade Si requires 
extremely energy intensive processing, and hence it is expensive to produce. 
Furthermore, Si is not an overly effective light absorber, so rigid and thick (100's µm) 
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layers are necessary. Figure 1.2 shows the cost of just the raw materials per Watt of 
several different solar cell technologies. Even before the expensive and energy intensive 
manufacturing of Si wafers, the cost of purified Si puts these devices at a cost 
disadvantage.  Due to this, the market share of c-Si based devices has been decreasing. In 
fact the title for fastest growing solar cell technology belongs to a class of devices known 
as thin film solar cells. 
 
Figure 1.2 The raw material cost per Watt of several different solar absorbers. This data was 
adapted from Ref. (5) 
 
 This class of PV devices utilizes an absorbing layer that can absorb sunlight much 
more efficiently than Si, so devices may be as thin as a few micrometers, which in turn 
greatly reduces material demands. Two commercially available thin film solar cells 
utilize CdTe or CIGS (CuIn1-xGaxSe2) as sunlight absorbing layers. In fact CdTe is one of 
the least expensive options on the solar cell market with a module cost of just $0.57/W.8 
These solar cell devices have also achieved very high efficiencies in the lab, with CdTe 
reaching 21.0% 9 and CIGS at 20.8% 10, though their performance in full modules tends 
towards 10-14%. While the amount of material necessary for constructing these solar cell 
devices is greatly reduced due to their high absorbtivity, the materials used in CdTe and 
CIGS devices present issues.  
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 While CdTe is by far the least inexpensive solar cell, the cost of the raw materials 
needed to make CdTe remains very high, as shown in Figure 1.2. This is largely due to 
the environmental impact of processing Cd and the scarcity of Te within the earth's crust. 
The raw material costs for CIGS also remain high and volatile primarily due to In.  While 
In is not nearly as scarce as Te, the demand for In in other electronic industries drives up 
the cost. In short, while these materials are highly performing, materials availability 
limits their potential deployment. 
  A promising material that readily absorbs sunlight and is comprised of 
inexpensive and earth-abundant elements is copper zinc tin sulfide (Cu2ZnSnS4 or 
CZTS).  This p-type semiconductor has a band gap of 1.45 eV making it ideally suited for 
the solar spectrum.  Sulfur atoms on the CZTS lattice may also be replaced with selenium 
(CZTSSe). Solar cells based on CZTSSe have recently reached 12.6 % power conversion 
efficiencies,11 up from a record of 6.7% from as recently as 2008.12  While efficiencies 
have risen quickly, finding low-cost, safe, and scalable CZTS synthesis methods has 
proven challenging.  The CZTSSe layer in the record efficiency solar cell is synthesized 
using  hydrazine,11 an unsafe solvent for large-scale production. A low-cost, scalable 
method for making CZTS is needed. Moreover, most studies to date have focused on 
increasing solar cell efficiencies through trial-and-error optimization. This empirical 
approach has left significant knowledge gaps in our understanding of the relationships 
between material synthesis, structure and properties. Systematic studies aimed at closing 
these knowledge gaps are vital for further rational improvements in CZTS based solar 
cells. 
 
1.2 Challenges in Synthesizing High Performing CZTS Layers 
 Despite the rapid increases in solar cell efficiencies, there are significant 
challenges in synthesizing phase pure CZTS layers. Furthermore, relating processing 
conditions to the electronic properties of the CZTS remains a very active area of 
investigation. 
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1.2.1 Synthesizing Phase Pure CZTS 
 Throughout the literature, many thin CZTS and CZTSe synthesis and deposition 
methods have been developed, including deposition from nanocrystal dispersions 
followed by annealing,13–15 deposition from hydrazine solutions,16 microwave synthesis,20 
reactive co-evaporation from elemental sources in vacuum,17,18 reactive co-sputtering 
with H2S,19  and high-temperature sulfidation or selenization of stacked or alloyed Cu-
Zn-Sn metallic precursor films deposited by evaporation,20,21  sputtering,22,23 or 
electroplating.24,25 Each of these methods aims to make CZTS or CZTSe layers that are 
devoid of any secondary phases, which given the propensity of Cu, Zn, and Sn to react 
with S individually, is no easy task. The formation of Cu2-xS, ZnS, and SnxSy are all 
thermodynamically favorable under a sufficient S over pressure,26 all of which act as 
intermediate phases in CZTS formation.25,27–29 Even though these phases act as 
intermediates en route to CZTS formation, the phase stability region for Cu2ZnSnS4 is 
very small, such that slight deviations in atomic compositions make these phases difficult 
to avoid.30,31 The challenge of achieving phase pure CZTS is further exacerbated by the 
fact that off-stoichiometric CZTS films, particularly Cu poor (Cu/(Sn+Zn) ~0.8)and Zn 
rich (Zn/Sn ~1.1) films, lead to the highest efficiency solar cell devices. 32–34 This is 
partially alleviated by CZTS's ability to compensate for stoichiometry deviations through 
the formation of various defect complexes and clusters, but the formation of these 
clusters has a dramatic effect on the electronic properties, which will be discussed in a 
later section.34 
  Another difficulty in CZTS synthesis centers around the volatility of SnS.  While 
this binary sulfide nearly inevitably forms as an intermediate phase, it is prone to 
evaporation at high temperatures or low S pressures.29,35,36 If CZTS is annealed in an 
open system or pseudo-open system, this volatilization of SnS can result in Sn 
deficiencies in the final film. This emphasizes the importance of controlling the vapor 
phase when reacting or annealing CZTS films. It is clear that whatever synthesis method 
is pursued, it must afford precise control over the phase and atomic composition in the 
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final CZTS film. The control over phase composition and relative atomic compositions is 
further discussed in Chapters two and three. 
 It must also be noted that the highest performing solar cell devices have a CZTS 
layer that was synthesized on Mo coated soda-lime glass (SLG).11,17,18 In order to 
industrially process glass at lower temperatures than pure SiO2 significant amounts of 
impurities including Na2O (soda) and CaO (lime) are added to the glass. The choice of a 
SLG substrate is largely a holdover from fabricating CIGS devices where it has been 
definitively shown that Na within the SLG diffuses through the Mo layer and into the 
CIGS layer where it helps to increase power conversion efficiencies.37–42 The effects of 
Na incorporation into CZTS and CZTSe films and crystals have come under some 
investigation as of late.  It has been shown that the grain size in CZTS films is highly 
dependent upon Na or even K incorporation, a subject studied and discussed in more 
detail in Chapter four.43–46  If the use of SLG, and thus Na and K, has such a dramatic 
effect on CZTS grain growth, it follows that the final phase composition in CZTS is also 
a function of impurity content, a topic also discussed in Chapter two.  
 
1.2.2 Linking Synthesis Conditions to Electronic Properties 
 As mentioned above, there are several factors to consider when synthesizing 
CZTS layers, including atomic and phase composition, grain size, and impurity content. 
These parameters undoubtedly have an effect on the electronic properties of CZTS films 
as well, though this is a topic still undergoing intense investigation. 
  How the atomic composition influences the properties of CZTS is especially 
interesting as it has a dramatic effect on solar cell performance.  It has been observed 
both in the thin film case and in single crystals that Cu poor films tend to have lower hole 
concentrations.47–49 Computational simulations suggest that the defect CuZn- is the 
dominate contributor to the hole concentration in CZTS films. When this the amount of 
Cu is decreased, the formation energy of this decrease increases and fewer CuZn- defects 
are formed.34 However, a shallower acceptor defect VCu- may also exist in Cu poor 
conditions, so the change in carrier concentration is not necessarily a linear function of 
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Cu content.49 Changes in stoichiometry also affect the types of levels present within the 
band gap of CZTS, and some of these local fluctuations are widely believed to cause 
potential fluctuations that are damaging to CZTS performance.34,50 In particular, CZTS 
that is Zn poor is  more likely to form (2CuZn + SnZn) clusters that can cause significant 
shrinkage in the effective bandgap. Conversely, films that are Zn rich are more inclined 
to have (VCu + ZnCu) clusters form, which effectively widen the bandgap.34   
 Another topic of study is how the presence of Na influences the electronic 
properties of the CZTS layer.  While it has been demonstrated that Na improves CZTS 
solar cell performance,44,51 the mechanism behind this improvement is unclear.  Studies 
on single crystals have shown that Na improves mobility and increases carrier 
concentrations.52 Gershon et. al. have demonstrated that the inclusion of Na may remove 
deep levels within the gap and passivate grain boundaries.53  Further study, however is 
needed, especially in effort to separate the effects of grain growth and Na addition. In 
Chapter five, the individual affects of stoichiometry, Na concentration, and grain size on 
carrier concentrations, mobilities, and transport mechanisms are further examined. 
 
1.3 Thesis Overview 
 In chapter two, we further developed the so called ex situ sulfidation method for 
CZTS synthesis. This method begins by co-sputtering a Cu-Zn-Sn alloyed film from Cu, 
Cu/Zn, and Cu/Sn targets onto a variety of substrates. This metallic precursor film is then 
loaded into a quartz ampoule with ~ 1 mg of S, evacuated to a base pressure of ~ 10-6 
Torr  and flame sealed.  The evacuated quartz ampoule is then loaded into a furnace 
where we heated it to a desired sulfidation temperature (TS) between 100 oC and 600 oC 
for 8 hrs, after which it is cooled to room temperature naturally. This method is 
advantageous in studying CZTS formation as it is a closed isothermal system such that 
the temperature, pressure, and species present are always known. After sulfidation, the 
phase composition was thoroughly examined by X-ray diffraction (XRD) and Raman 
spectroscopy.  The film morphology and atomic compositions were observed by scanning 
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). We 
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examined CZTS formation as a function of TS on a total of five different substrates 
including the impurity laden SLG and Pyrex, as well as impurity free fused quartz, 
crystalline quartz, and crystalline sapphire.  We found that regardless of substrate, phase 
pure CZTS is achieved at TS = 600 oC. CZTS films deposited on SLG, however, approach 
phase purity at much lower temperatures (nearly phase pure at TS = 400 oC) than all over 
substrates.  There are significant differences in the grain structure of films grown on SLG 
versus all other substrates as well.  After sulfidation at 600 oC, the CZTS grown on SLG 
has an average grain size of 0.97 µm, while films grown on fused quartz had an average 
grain size of just 0.17 µm. This suggested that the some impurity within SLG, likely Na 
or K, was readily released into the CZTS film during sulfidation where it not only 
enhanced grain growth, but allowed the film to reach phase purity at lower temperatures. 
This chapter is currently under review as Melissa Johnson, Michael Manno, Xin Zhang, 
C. Leighton, and Eray S. Aydil, "Substrate and Temperature Dependence of the 
formation of the Earth Abundant Solar Absorber Cu2ZnSnS4 by ex situ Sulfidation of Co-
sputtered Cu-Zn-Sn Films" 
 In chapter three, we explore methods to control the stoichiometry of CZTS 
synthesized by the ex situ sulfidation method and find that the Sn content is remarkably 
self regulating. Precursors films that were initially Sn rich, up to 45% Sn initially, 
underwent copious amounts of Sn loss via the volatilization of SnS, until Cu/Sn ~ 2. 
Similarly, precursor films that were initially Sn deficient could correct the Sn deficiency 
such that Cu/Sn ~2 with the inclusion of ~ 1 mg of elemental Sn in the sulfidation 
ampoule. The relative compositions of Cu and Zn within the final CZTS film were 
simply controlled by the content in the precursor film by varying the sputtering 
conditions. To study the mechanism behind the self regulating nature of Sn, we 
performed a set of time dependent experiments at TS = 300 oC.  This temperature was 
chosen as it is at the onset of sulfide formation.  We found that early on in the sulfidation 
process, the Cu6.26Sn5 alloy that formed prior to S vaporization dissociated and sulfidized 
to form CuS and SnS, as well as some Cu2SnS3. There was not enough CuS to completely 
convert all of the SnS to Cu2SnS3, so the majority of Sn left the film as SnS vapor.  
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Eventually Cu and Zn were released from the Cu5Zn8 alloy that had also formed earlier 
on and formed CuS and ZnS. The SnS vapor within the ampoule then reacted with the 
newly generated CuS to form more Cu2SnS3, and eventually CZTS which increased the 
overall Sn content within the film. This demonstrated that during sulfidation, the majority 
of Sn leaves the film as SnS vapor, and is only reincorporated back into the film as 
Cu2SnS3, which like CZTS, has a Cu to Sn ratio of 2. This chapter has been prepared for 
submission as "Melissa Johnson, Cody Wrasman, Xin Zhang, Michael Manno, C. 
Leighton, and Eray S. Aydil, "Tuning the composition of Cu2ZnSnS4 synthesized via ex situ 
sulfidation of co-sputtered Cu-Zn-Sn films."   
 In the fourth chapter we revisit the results found in chapter 1, namely the 
enhancement in CZTS grain size that accompanies the use of SLG substrates. We found 
that including a clean, uncoated piece of SLG within the sulfidation ampoule next to a 
film deposited on low impurity Pyrex or impurity free crystalline quartz results in a 
dramatic enhancement in the CZTS grain size. This demonstrated conclusively that the 
beneficial impurities found within SLG are also volatile in a S containing atmosphere at 
600 oC. We then turned to TOF-SIMS to find out exactly which impurities diffuse into a 
CZTS layer deposited on SLG, and which were volatilized from SLG and incorporated 
into neighboring films on other substrates. We found nearly all alkali and alkaline metals, 
specifically Na, K, Ca, and Mg, will readily diffuse into the CZTS layer from the SLG 
especially in the absence of a diffusion barrier like Mo. We then found that Na, K, and Ca 
were all readily volatilized from the SLG and incorporated into neighboring CZTS films 
on quartz and Pyrex.  Curiously, we found that the small grained films grown on Pyrex in 
the absence of SLG had high levels of Na, as much the large grained films grown on 
quartz. This first suggests that Na may be sitting at the grain boundaries of the CZTS 
film, such that a film with a greater grain boundary density (i.e. small grained) contains 
more Na. This also suggests that there is an impurity concentration threshold that must be 
passed during growth in order to enhance the grain size.  To elucidate whether Na, K, or 
Ca was responsible for the grain growth, we developed a new method to introduce these 
impurities individually  through the vapor phase.  Prior to loading the precursor film and 
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S into the quartz tube, the tube was coated with an aqueous solution of either NaOH, 
KOH, or CaOH2 and then dried such that only the hydroxide coating remained. 
Sulfidation then proceeded normally.  It was found that Na and K can greatly enhance the 
grain size in CZTS films while the presence of Ca had little to no effect. This chapter was 
published as  Melissa Johnson, Sergey Baryshev, Elijah Thimsen, Michael Manno, Xin 
Zhang, Igor V. Veryovkin, C. Leighton, and Eray S. Aydil, "Alkali-metal-enhanced grain 
growth in Cu2ZnSnS4 thin films," Energy Envrion. Sci. 2014, 7, 1931. 
 In the fifth chapter, study the influences of stoichiometry, grain size, impurity 
content, and phase purity on the electronic properties of CZTS films. Specifically, we 
studied how each of these parameters affected the carrier concentration, mobility, and 
transport mechanisms of the CZTS films through the use of Hall effect and temperature 
dependent resistivity measurements. We examined three different stoichiometries, such 
that Cu/Zn was 2.4 (Cu rich), 2.0 (stoichiometric), and 1.9 (Cu poor), while in all films 
Cu/Sn ~ 2. The grain size was varied in the absence of Na addition by varying the S 
pressure during growth, such that higher S pressure resulted in a larger grain size. One set 
of Na loading in the CZTS films was also examined. Finally, we examined a film Cu 
poor film (Cu/Zn = 1.8) that also had CuS impurity phases present. All films were found 
to be p-type insulators, however, there were some stark differences depending on 
treatment. We observed a very strong correlation between carrier concentration and 
stoichiometry, with all Cu rich and CuS containing films having hole concentrations in 
excess of 1020 cm-3, while Cu poor samples had carrier concentrations as low as 2.7 x 
1017 cm-3. While increasing the grain size of the films without the addition of Na led to an 
expected increase in mobility, it also led to a drop in carrier concentrations. We 
hypothesize this may be due to an increase in order such that defect states within the 
grains are eliminated, or that the grain boundaries themselves may have high defect 
densities. The addition of Na to the Cu poor and stoichiometric films resulted in a large 
increase in carrier concentrations and a large decrease in resistivity. However, 
temperature dependent resistivity measurements suggested that the addition of Na led to a 
large increase in disorder within the gap. These results indicate that large grained Cu poor 
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or stoichiometric samples with very moderate levels of Na may make the best candidates 
for solar cell devices. This chapter has been prepared for submission as "Melissa 
Johnson, Cody Wrasman, Xin Zhang, Michael Manno, C. Leighton, and Eray S. Aydil, 
"The influence of stoichiometry, grain size, and Na addition on the electronic properties of 
Cu2ZnSnS4 thin films."   
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Chapter 2  
Substrate and Temperature Dependence of the formation of 
the Earth Abundant Solar Absorber Cu2ZnSnS4 by ex situ 
Sulfidation of Co-sputtered Cu-Zn-Sn Films 
 
This was previously published as: Johnson, M.; Manno, M.; Zhang, X.; Leighton, C.; 
Aydil, E. S. (2014). Substrate and temperature dependence of the formation of the Earth 
abundant solar absorber Cu2ZnSnS4 by ex situ sulfidation of cosputtered Cu-Zn-Sn films. 
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 32(6), 
061203. doi:10.1116/1.4901091 Reproduced by permission Journal of Vacuum Science 
and Technology A 
 
2.1 Introduction 
The recent rapid increase in power conversion efficiencies of thin-film solar cells based 
on the p-type semiconductors Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) attests to 
their potential as low-cost, earth-abundant alternatives to CdTe and CuIn1-xGaxSe2 
(CIGS), the two leading commercial thin film solar absorber materials.1 Many articles 
have identified the attractive attributes of CZTS and CZTSe for thin-film solar cells.2-6 
These include their high absorption coefficient in the visible region of the solar spectrum 
(>104 cm-1 for λ<1000 nm),7 a tunable band gap from 1 eV for CZTSe to 1.45 eV for 
CZTS,8 and a high relative abundance of their constituent elements. While record 
efficiencies have now reached 12.04% for Cu2ZnSn(S1-xSex)49 and 8.4% for CZTS,10 
these values still fall significantly short of the 20.4% achieved in CIGS solar cells.11 
Closing this performance gap requires a deep understanding of the relations among 
synthesis, structure and properties of CZTS and CZTSe films.  
 To date, many thin CZTS and CZTSe film formation methods have been 
developed, including deposition from nanocrystal dispersions followed by annealing,12-18 
deposition from hydrazine solutions,19 microwave synthesis,20 reactive co-evaporation 
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from elemental sources in vacuum,5,10,21 reactive co-sputtering with H2S,22 and high-
temperature sulfidation or selenization of stacked or alloyed Cu-Zn-Sn metallic precursor 
films deposited by evaporation,23,24 sputtering25,26 or electroplating.27,28 Sulfidation of Cu-
Zn-Sn thin films is a particularly attractive approach because it can be easily scaled up 
and adopted for manufacturing. Indeed, this is one of the approaches used for producing 
commercial CIGS solar cells.  However, this seemingly straightforward method is 
actually quite complicated because evaporation and diffusion of multiple elements 
compete with numerous solid and vapor phase reactions to determine the microstructure 
and phase composition of the thin films. These processes must be balanced and controlled 
to synthesize films with suitable microstructure, composition, and electronic properties 
for solar cells. Recent studies have already revealed that sulfidation of Cu-Zn-Sn films 
begins with sulfur diffusion into the film followed by reactions that form the binary metal 
sulfides, Cu2-xS, SnxSy, and ZnS.28-30 Sulfur diffusion likely begins through the grain 
boundaries in the precursor film followed by diffusion into the grains. A variety of 
ternary copper tin sulfides form next; precisely which phases form appears to depend on 
the initial composition of the Cu-Zn-Sn precursor film.28 These ternary phases and ZnS 
are eventually converted to CZTS at temperatures exceeding 480 oC. However, under 
some conditions it has been shown that CZTS is unstable and may decompose back to the 
binary sulfides.31-33 This is particularly problematic because SnS has high vapor pressure 
and can evaporate from the film, leaving the film Sn poor and possibly also filled with 
impurity binary sulfide phases. Using solid SnS in addition to S during sulfidation 
mitigates this problem,32,33 but most sulfidation processes are carried out in open or in 
quasi-closed systems (e.g., graphite boxes with unsealed lids) such that S and SnS vapor 
pressures are uncontrolled and unknown. In contrast, isothermal ex situ sulfidation of Cu-
Zn-Sn films in an evacuated and sealed quartz ampoule with precisely metered S and Sn 
allows accurate control and knowledge of the S and SnS vapor pressures as well as the 
sulfidation temperature.  Platzer-Björkman et al. employed this approach to explore the 
effects of changing precursor film composition,34 but they were unable to achieve phase-
pure CZTS and detected the persistent presence of an unidentifiable impurity phase 
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through X-ray diffraction.  Despite the presence of impurity phases, working solar cell 
devices were fabricated from these films. 
 To date, the highest efficiency solar cells have all been grown on Mo-coated soda-
lime glass (SLG).9.10  The use of SLG as a substrate is a carryover from CIGS solar cells, 
where it has been shown that Na diffusion from the SLG drastically increases the power 
conversion efficiencies.  Indeed, SLG hosts many impurities such as Na, Mg, Ca, and K 
that may diffuse out of the glass and into the CZTS films. A few studies of CZTS 
synthesis with Na and K addition have shown enhanced grain growth35-37 but achieving 
CIGS like performance will require a better understanding of the effects of impurity 
diffusion from the substrate into the CZTS films.  
 Herein we present a comprehensive study of the effects of substrate and 
sulfidation temperature on the microstructure and phase composition of CZTS films 
formed through isothermal sulfidation of co-sputtered Cu-Zn-Sn alloy thin films. We 
found that regardless of the substrate, nominally phase-pure CZTS is obtained after 8 
hours of sulfidation at 600 oC and with >30 Torr of S pressure. However, the substrate 
strongly affects the film’s morphology: films synthesized on SLG exhibited µm sized 
grains while sulfidation on other substrates resulted in much smaller (100’s of nm) grains.  
Films grown on SLG also reached higher phase purity at lower sulfidation temperatures. 
2.2 Experimental 
CZTS films were synthesized by ex situ sulfidation of Cu-Zn-Sn metal alloy precursor 
films co-sputtered from Cu, Cu-Zn and Cu-Sn targets onto five different substrates 
including single crystal quartz (Q), fused quartz (FQ), sapphire (SP, Al2O3), Pyrex (P), 
and SLG. These substrates were chosen to elucidate the effects of substrate crystallinity 
and substrate impurities on the formation of CZTS. The elemental compositions of the 
SLG and Pyrex substrates were measured using inductively coupled plasma mass 
spectrometry (ICP-MS) and were reported in reference 36. The precursor films were DC 
magnetron sputtered at room temperature and sulfidized isothermally at temperatures 
between 100 and 600 oC. The base pressure of the sputtering chamber was 2x10-7 Torr. 
Alloy targets were used in lieu of pure metal targets because Zn has very high vapor 
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pressure (0.1 Torr at 400 oC) and Sn melts at a very low temperature (232 oC).  The 
precursor films deposited on SLG, FQ, and Q were sputtered from a Cu-Zn (40:60) target 
and a Cu-Sn (35:65) target at 10 mTorr Ar pressure.  The precursor films deposited on P 
and SP were sputtered from a pure Cu target, a Cu-Zn (20:80) target and a Cu-Sn (35:65) 
target at 6 mTorr Ar pressure.  The sputtering rate from each target was varied using the 
sputtering power to achieve the desired precursor film composition.  During deposition 
on SP and P, the sputtering powers were 40, 115, and 34 W for Cu, Cu-Sn, and Cu-Zn 
targets, respectively. At these powers the deposition rates were 0.091, 0.18 and 0.16 nm/s 
for the Cu, Cu-Sn, and Cu-Zn targets, respectively. During deposition on SLG, FQ, and 
XQ, the sputtering powers were 75 W and 25 W for the Cu-Sn and Cu-Zn targets, 
respectively. At these powers the deposition rates were 0.12 and 0.027 nm/s for the Cu-
Sn, and Cu-Zn targets, respectively. Each set of targets was carefully calibrated by 
depositing films at various sputtering powers for several different durations and 
measuring their thicknesses using cross sectional SEM. Calibration ensured that the 
precursor films were of equal thickness and approximately the same composition. The 
thicknesses of the as-deposited precursor films were all within 10% of 270 nm. The 
elemental composition of the films was nominally 50% Cu, 20% Zn and 30% Sn (Table 
2.1) as determined by energy-dispersive x-ray spectroscopy (EDS). Sulfidized film 
thicknesses were ~ 1 µm. The precursor films were chosen to be Sn rich to compensate 
for anticipated and well-documented Sn loss during annealing and sulfidation 
experiments.31-33 The metallic alloy precursor films were sealed in an evacuated quartz 
ampoule with 1 mg of S, loaded into a box furnace, and heated at a rate of 6.5 oC/min to 
the desired sulfidation temperature. The base pressure of the 10 cm long 1 cm internal 
diameter ampoule was ~ 10-6 Torr. The film was sulfidized isothermally for 8 hours 
before cooling naturally to room temperature. The sulfidation temperature, Ts, was varied 
from 100 to 600 oC in 100-degree increments. As the ampoule is heated, S melts at 115 
oC and the entire 1 mg charge vaporizes completely by 255 oC. Thus, the S pressure in 
the ampoule follows the vapor pressure curve up to 255oC and thereafter increases 
according to the ideal gas law, varying from 17.5 Torr at 255oC to 36 Torr at 600 oC. 
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 The phase composition of the films was examined by X-ray diffraction (XRD) 
and Raman spectroscopy.  XRD was collected using either a Bruker–AXS 
microdiffractometer (for SP and P films) or a Bruker D8 Discover system (for FQ, Q, and 
SLG films), each utilizing a Cu Kα source and equipped with a Hi-Star 2D area detector.  
The X-ray beam was collimated to a 0.8 mm spot size.  Raman spectroscopy is essential 
to differentiate CZTS, Cu2SnS3, and ZnS because the XRD reflections from these 
materials overlap.24 Raman spectra were collected at room temperature using a WiTec 
alpha300R confocal Raman microscope with a UHTS300 spectrometer and a DV401 
CCD detector.  An Omnichrome Ar ion laser with a wavelength of 514.5 nm and a beam 
spot size of ~300 nm was used to illuminate the films. Raman scattering was collected in 
the backscattering geometry using an 1800 lines/mm grating with a spectral resolution of 
0.02 cm-1. The morphology and atomic composition of the sulfidized films were 
examined with a JEOL 6500 scanning electron microscope (SEM) equipped with an 
energy dispersive spectrometer (EDS). The electron energy was 15 keV for both imaging 
and EDS measurements; at this energy, EDS samples the top ~ 2 µm of the surface, 
ensuring that the entire depth of the sulfidized film is included in the analysis. Average 
grain sizes were determined by averaging across a minimum of 100 grains per sample. 
 A Physical Electronics model 545 Auger electron spectrometer (AES) equipped 
with a differentially pumped Ar ion source for sputtering was used to measure the 
composition as a function of depth of the precursor film deposited on Pyrex. The 
film/Pyrex interface was determined from the onset of severe charging due to the 
insulating nature of the Pyrex. The sputtering rate was calibrated using the film thickness 
measured from the tilted view scanning electron micrographs.  Depth profiles of 
sulfidized films were also attempted, though the highly insulating nature of the films 
resulted in significant charging effects. The elemental profiles of similar films sulfidized 
at 600 oC measured by TOF-SIMS depth profiling can be found in Reference 36. 
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2.3 Results and Discussion 
 We describe our major conclusions by focusing on the films sulfidized on SLG 
and FQ because the most significant differences were found between substrates that 
contain alkali metal impurities (SLG and P) and substrates that do not contain these 
impurities (FQ, Q and SP). We note that the crystallinity of the substrate did not 
influence the microstructure and phase composition of the sulfidized films significantly. 
Both SLG and FQ are amorphous. FQ is nominally impurity free whereas SLG is laden 
with various impurities, including Na (Table 2.1). Pyrex is also amorphous but contains 
lower concentrations of impurities than SLG, which makes it intermediate between FQ 
and SLG. Q and SP are crystalline and nominally impurity free. 
 
2.3.1 Effect of Sulfidation Temperature on Structure and Phase 
Composition 
 The XRD from the as-deposited Cu-Zn-Sn precursor films on all films (Figure 
2.1) shows that they are comprised of the hexagonal Cu6.26Sn5 alloy, FCC Cu, HCP Zn, 
and tetragonal β-Sn. The XRD from precursor films deposited on all substrates were 
similar.The strong diffraction lines expected from FCC Cu, HCP Zn, and Cu5Zn8 are all 
near 2θ = 43-44o and overlap with each other. However, the weaker unique reflections for 
Cu5Zn8 are absent, which suggests that Cu and Zn are present in their elemental form. 
The absence of a Cu-Zn alloy is surprising and suggests that mixing may be limited even 
in co-sputtered films due to low mobility. However, the Cu-Zn binary phase diagram 
shows that solubility of Zn in FCC Cu is significant (~30 at. %) at room temperature. 
Very little shift in the FCC Cu XRD pattern would be expected even with 30 at. % Zn. 
Thus, significant amounts of Zn could be dissolved in the Cu phase. 
 It should also be noted that the Cu and Zn phases are textured in the (111) and 
(101) directions, respectively.  In fact, all the other reflections for Cu and Zn are absent.  
The Sn phase is also slightly textured in the (200) direction. This texturing is most 
apparent from the 2D area detector image of the XRD. Instead of a uniform intensity arc, 
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expected for diffraction from randomly oriented grains, the intensity is concentrated near 
the center of the arc at 30.65o, corresponding to the Sn (200) reflection (See Figure 2.2). 
 
 
Table 2.1 The thermal expansion coefficients of all substrates, the strain and softening points of the 
amorphous substrates, and typical added impurity concentrations (mol %). Sapphire (SP), single 
crystal quartz (Q), fused quartz (FQ), Pyrex (P), and soda lime glass (SLG). 
Substrate Thermal Expansion 
Coefficient (/oC) 
Strain Point 
(oC) 
Softening 
Point (oC) 
Added Impurities  
(mole%) 
 
 
   
SP 7.5 x 10-6    
Q α11= 13.71 x 10-6 
α33= 7.48 x 10-6 
   
FQ 5.5 x 10-7 1120 1683  
P 32.5 x 10-7 510 821 B2O3 (11.19 %) 
Na2O (4 %) 
CaO(0.03 %) 
Al2O3 (1 %) 
K2O (0.04 %) 
SLG 8.6 x 10-6 490 575 Na2O (13 %) 
CaO (9 %), 
MgO (6 %), 
Al2O3 (0.08 %), 
Fe2O3 (0.04 %), 
K2O (0.02 %) 
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Table 2.2 The elemental composition of films sulfidized on SLG and FQ as determined by EDS. The 
standard deviations of four separate measurements at the same location on a nominally phase pure 
CZTS film (within the detection limits of XRD and Raman) are ±1.9  at% 
  SLG FQ Q 
Ts (oC)  Cu Zn Sn S Cu Zn Sn S Cu Zn Sn S 
Precursor 
 
50 18 32 0 49 21 30 0 50 20 30 0 
100 
 
50 19 31 0 50 23 28 0 50 20 30 0 
200 
 
45 27 24 4 42 24 26 8 47 19 29 5 
300 
 
34 6 11 49 31 11 9 49 34 10 7 49 
400 
 
24 13 13 50 27 10 14 49 26 13 13 48 
500 
 
25 12 14 49 25 11 14 50 26 11 14 49 
600 
 
25 13 13 49 27 10 14 49 27 10 14 49 
  P SP 
Ts (oC)  Cu Zn Sn S Cu Zn Sn S 
Precursor 
 47 22 30 0 44 24 32 0 
100 
 47 28 25 0 44 27 29 0 
200 
 43 33 20 4 41 32 23 4 
300 
 30 12 10 48 23 16 13 48 
400 
 24 13 13 50 22 16 13 50 
500 
 23 15 12 50 22 15 13 50 
600 
 24 14 13 49 23 16 12 49 
 
  
Figure 2.1 X-ray diffraction from films on all substrates before and after sulfidation at 100 
200 oC. The bottom panels show the expected powder diffraction patterns from Sn, Cu, Zn, 
and Cu5Zn8 for comparison. 
 
 Scherrer analysis of the Sn and Cu
are nanocrystalline with an average grain size of 30 nm, consistent with SEMs of the 
precursor films (Figure 2.3(
showed that the composition and morphology of the Cu
laterally uniform. Auger electron spectroscopy sputter depth profiling 
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6.26Sn5 phases indicates that the precursor films 
a)). SEM images and a sampling of various areas with EDS 
-Zn-Sn precursor films were 
 
oC and 
Cu6.26Sn5, 
(Figure  2.4) 
  
showed that the film composition was
though the top 30 nm of the surface was slightly Sn
 
Figure 2.2 The 2D area detector image of the precursor film depos
corresponding to Sn, has a non
texturing.  The arc at 43o corresponds to reflections from
some contribution from the Cu
 
Sulfidation at 100 
 At 100 oC, sulfur incorporation into the film is below the detection limit of EDS. 
Thus, "sulfidation" at this temperature is no more than a mild annealing treatment of the 
precursor film. The morphology is still 
observe small amounts of uniformly distributed insulating nanocrystals (~ 100 nm in 
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 also quite uniform through the depth of the film, 
 and Zn rich at the expense of Cu.
ited on P. The arc at 2
-uniform intensity distribution along the entire arc, indicating s
 elemental Cu and Zn phases as well as 
6.26Sn5 phase. 
oC 
relatively uniform (Figure  2.3 (
 
 
θ = 30.7o, 
light 
b)), though we 
  
diameter) over the surface of the film. The appearance of these small insulating features 
on the surface of the film is not 
morphological feature in similar sizes and amounts. These nanocrystals grow larger at 
= 200 oC and we believe that they are ZnS (
low temperatures and S p
ZnS is negative, even at room temperature, and ZnS formation requires much lower S 
pressure compared to Cu2
 
Figure 2.3 Plan view SEM images of the Cu
after sulfidation at (b) 100 oC and (c) at 200 
sulfidized at 200 oC.  Sulfur concentrations measured by EDS at p
at.% respectively. The SEM images of films sulfidized on FQ, Q, SP, and P are similar. All scale bars 
are 1 µm. 
 
 XRD after sulfidation at 100 
48.1o), and the amount of Cu
diffraction at 30.1o has increased). However, 
25 
unique to a single substrate: all substrates yield this 
vide infra). The formation of ZnS at such a 
ressure is not entirely unexpected.  The Gibbs free energy of 
S or SnS.33 
 
-Zn-Sn films deposited on SLG (a) before sulfidation and 
oC. Panel (d) shows  an expanded view of the SLG film 
oints 1 and 2 
oC shows that Cu5Zn8 has formed (2
6.26Sn5 has increased (i.e. the integrated area of the 
β-Sn, and the textured FCC Cu, and HCP 
Ts 
are 13 at.% and 4 
θ = 37.9o and 
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Zn phases still remain. The presence of the Cu5Zn8 has been reported previously,29 though 
the precursor film in that case was Zn rich. 
 
 
Figure 2.4 The elemental (Cu, Zn, Sn, O and Si) composition of the precursor film as a function of 
depth as measured by Auger electron spectroscopy. Si and O originate from the substrate. The origin 
(depth=0) corresponds to the surface. The film thickness was 250 nm. 
 
Sulfidation at 200 oC 
 Following sulfidation at 200 oC, even more alloying of Cu with Zn and Sn is 
observed, on both SLG and FQ substrates; Cu5Zn8 and Cu6.26Sn5 diffraction intensities 
increase while the β-Sn diffraction intensity decreases. A weak diffraction line at 2θ = 
28o may indicate ZnS formation, though Raman scattering was too weak to confirm this. 
EDS measurements show that only 4% and 8% S is incorporated into films on SLG and 
on FQ, respectively. Sulfur incorporation into films on SP, Q and P is similar. The evenly 
distributed insulating nanocrystals observed after sulfidation at 100 oC are larger (~250 
nm) after sulfidation at 200 oC (Figure  2.3(c) and 2.3(d)). EDS measurements indicate 
that these nanocrystals contain more sulfur (~13%) than the rest of the film (~4%), 
though the EDS spot size is too wide to determine the precise cation composition of the 
nanocrystals. These insulating nanocrystals have the same appearance as larger, 
  
insulating ZnS regions observed on other zinc
presence of a weak XRD peak at 2
ZnS. If this is the case, ZnS formation takes place 
reported by Fairbrother et al.
our method has significantly more time to diffuse into the film than in these other studies.
Figure 2.5 X-ray diffraction from films on all substrates after sulfidation at various temperatures 
between 300 oC and 600 oC. The bottom panels show the expected powder diffraction patterns from 
CZTS, CuS, SnS, SnS2, and Cu
27 
-rich films. Their appearance and the 
θ = 28o suggests that these nanocrystals may indeed be 
at a notably lower temperature than 
29 (400 oC) and by Schurr et al.,28 (370 oC), although the S in 
4Sn7S16 for comparison. 
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Sulfidation 300 oC 
 Remarkably different, at 300 oC, the films are completely sulfidized, that is 50 % 
of the film is now S, regardless of the substrate. All X-ray diffraction peaks from the 
metallic phases disappear (Figure  2.5). The cation composition of the film is different 
than that of the precursor film. This change is mostly due to sulfidation: as sulfur is 
incorporated into the film, atomic percent of the cations decrease. For films sulfidized at 
400 oC-600 oC, the deviation in the cation composition from the nominal stoichiometry of 
CZTS (25% Cu, 12.5% Zn, 12,5% Sn) falls within the standard deviation of our 
measurements.  (See Table 2.2 and discussion below.) For the film sulfidized at 300 oC, 
the deviation in the atomic percentage of Zn from the expected CZTS stoichiometry is 
reproducible and can be understood by considering the vapor pressures of Zn and SnS.  
When the precursor film is undergoing sulfidation at 300 oC, unsulfidized Zn and SnS 
can leave the film because their vapor pressures are high. Zinc metal can eventually 
sulfidize and deposit elsewhere in the ampoule and SnS vapor condenses when the 
ampoule is cooled.  Since the area of the ampoule walls is much greater than the film, the 
walls act as a sink for Zn and Sn. As the sulfidation temperature increases and sulfur is 
incorporated into the film, the copper atomic percent decreases from 50% to 25%, the 
expected value for stoichiometric CZTS. At 300 oC, the copper atomic percent is higher 
than 25% because some Zn and SnS have been lost from the film. There is more Zn lost 
from films on SLG than from films on other substrates. This higher Zn loss from films on 
SLG, compared to other substrates, is reproducible though the reason is unknown.   
 XRD data confirms the formation of SnS as well as CuS. The overlapping 
common diffraction lines for CZTS, Cu2SnS3 and ZnS appear in both films, on SLG and 
on FQ (Figure  2.5).24,38 Because these diffraction lines overlap, we refer to them 
collectively as ∑CZTS/Cu2SnS3/ZnS.31 
 The XRD from films on Q, SP, and P (Figure  2.5) likewise show the presence of 
SnS, CuS and the ∑CZTS/Cu2SnS3/ZnS diffractions. In addition, the film on Q also has 
diffractions from Sn2S3 and the ternary phase Cu4Sn7S16. 
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 Raman spectra of the films sulfidized on SLG and FQ at 300 oC (Figure  2.6) 
shows the presence of very weak scattering from CZTS (335 cm-1).39,40 The broad Raman 
scattering between 250 cm-1 and 370 cm-1 is consistent with contributions from Cu2SnS3 
(291 and 354 cm-1),41 ZnS (351 cm-1 ),42 and SnS2 (315 cm-1).43 In addition, very strong 
scattering at 474 cm-1 is a clear indication of the presence of Cu2-xS on all substrates.44 
The films on Q, SP, and P exhibit Raman spectra similar to the films on SLG and FQ. A 
confocal Raman microscope was used to sample multiple locations from each film and 
Figure  2.6 shows two spectra for each sulfidation temperature. The spectra and the 
locations were chosen to demonstrate the presence of all the observed phases, regardless 
of the frequency of observation. The Raman spectra show that CZTS begins to form at 
temperatures as low as 300 oC. We find that CZTS formation starts at lower temperatures 
than reported elsewhere and we attribute this difference to the higher S pressures and 
longer sulfidation times in our experiments.28,29 The presence of CZTS together with 
binary sulfides suggests that CZTS formation is thermodynamically favored at 300 oC but 
is likely limited by solid state diffusion. In fact, pseudo-binary and ternary phase 
diagrams of the Cu-Zn-Sn-S system show CZTS is a stable phase at temperatures as low 
as ~330 oC.45 This is also consistent with the ability to form CZTS nanocrystals using 
solvothermal approaches at temperatures as low as 170-220 oC.12-18 
 
Sulfidation at 400 oC 
 After sulfidation at 400 oC, the film’s elemental composition is approximately that 
of CZTS (Table 2.2). Two XRD peaks unique to CZTS (2θ = 36.97 and 37.90o) are now 
detectable (Figure  2.5) and indicate increased crystallinity (i.e. higher intensity XRD for 
similar film thickness) and a larger fraction of CZTS in films on SLG and FQ. Diffraction 
from SnS2 appears as a small peak at 2θ = 15.0o in films on SLG, FQ, SP and P (Figure  
2.5).  
 
  
Figure 2.6 Raman spectra from films on SLG and on FQ after sulfidation at various temperatures 
between 300 oC and 600 oC. Individual spectra at each temperature correspond to a different area of 
the film. The bottom panels show the Raman scattering peaks expe
SnS2, Cu2-xS, and ZnS for comparison.
 
In films on SLG, small amounts of an unidentified phase appear as weak diffractions near 
2θ = 33.8o and 49.3o, the same values reported, but also unidentified, by Platzer
30 
cted from CZTS, cubic Cu
 
 
2SnS3, 
-
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Björkman et al.34 These are much weaker than the ∑CZTS/Cu2SnS3/ZnS and SnS2 
diffractions, suggesting that they originate from a phase present in very small amounts. In 
films on FQ, we also detected Cu4Sn7S16 by XRD (Figure  2.5). In fact, films on all 
substrates other than SLG were found to contain Cu4Sn7S16 by XRD. 
 Strong Raman scattering at 336 cm-1 confirms that both films, on SLG and on FQ, 
contain significant amounts of CZTS. A pronounced shoulder on the CZTS peak near 350 
cm-1 indicates the presence of ZnS so that at least some fraction of the 
∑CZTS/Cu2SnS3/ZnS diffraction is attributed to ZnS. In films sulfidized on FQ we still 
detect Raman scattering from Cu2-xS indicating that a small amount, not detectable by 
XRD, is present. We do not detect any other Raman peaks that can be attributed either to 
the unidentified impurity phase or to Cu4Sn7S16. The Raman spectra collected from the 
film on Q are very similar to those from SLG and FQ, however the films on SP and P still 
show the presence of Cu2SnS3. (Figure  2.6). 
 
Sulfidation at 500 oC 
 The films sulfidized at 500 oC, on SLG and on FQ, have nearly identical 
elemental composition (Table 2.2). However, there are significant differences in their 
phase compositions. Specifically, the films sulfidized on SLG now predominately show 
the ∑CZTS/Cu2SnS3/ZnS diffraction; the unidentified phase has nearly disappeared 
(Figure  2.5). In contrast, we still detect SnS2 and Cu4Sn7S16 in films on FQ (Figure 2.5).  
Like the film on FQ, the films on SP and P also show diffractions from Cu4Sn7S16 and 
SnS2, while the film on Q shows only the ∑CZTS/Cu2SnS3/ZnS diffraction (Figure 2.5).  
 On both SLG and FQ, the normalized XRD intensities from CZTS are larger and 
the widths of the Raman scattering peaks at ~336 cm-1 are narrower than those from films 
sulfidized at 400 oC, indicating a further increase in CZTS crystallinity. The full width at 
half maximum of the  ~336 cm-1 Raman peak from films on SLG decreases from 20.4 
cm-1 at 400 oC, to 9.4 cm-1 at 500 oC. However, Raman scattering from both the SLG and 
FQ films still show the presence of a shoulder at 351 cm-1, adjacent to the 336 cm-1 CZTS 
peak. Deconvolution and quantitative analysis of the Raman spectra using the approach 
  
described by Khare et al.
films sulfidized at 500 oC than that found in phase
phase-pure CZTS film, the ratio of the area under the peak at 351 cm
the strongest CZTS peak at 332
for the film sulfidized at 500 
of the presence of ZnS. This comparison suggests the presenc
sulfidized at 500 oC. The films on Q, SP, and P show a similar decrease in width of the 
336 cm-1 CZTS peak from 400
scattering from ZnS and Cu
 
Figure 2.7 Raman spectra (a) from the film sulfidized at 500 
phase-pure CZTS film. Raman scattering between 250
with Lorentzian lineshapes. 
 
Sulfidation at 600 
Within the accuracy of EDS, the elemental compositions of the films sulfidized at 600 
are essentially the same as the films sulfidized at 400 
XRD and Raman spectra from fil
CZTS (Figs. 2.5 and 2.6). While the XRD from the film on FQ also suggests phase
CZTS, Raman scattering shows small regions of SnS
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oC 
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-xS (Figure 2.6). 
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Nevertheless, the majority of the Raman spectra collected from different areas of the film 
on FQ show a sharp 336 cm-1 peak, consistent with a film that is mostly CZTS. In 
contrast, despite a diligent search, we could not find any regions of impurity phases in 
films on SLG by Raman imaging. The film sulfidized on Q has a phase composition 
similar to the film on FQ in that XRD suggests phase-pure CZTS, while Raman reveals 
small regions of SnS2, ZnS and Cu2-xS (Figure 2.6).  The films on SP, like the film on 
SLG, are nominally phase-pure CZTS. The film on P is almost all CZTS but infrequent 
regions of Cu2-xS were encountered while imaging with Raman spectroscopy. 
 
2.3.2 Sulfidation Temperature Dependence of the Films' Phase 
Composition 
 We quantified the films’ phase composition using the following approach. For 
each phase, a unique X-ray diffraction peak was selected (Table 2.3) and its integrated 
intensity was normalized by the detector exposure time, the film thickness and the 
corresponding powder diffraction intensity relative to the strongest peak. The fraction of 
each phase is calculated by dividing this normalized intensity, Ij, with the sum of all the 
phases present in the film (ΣIj). This approach should provide a reasonable representation 
of the films’ phase composition provided that the films are not heavily textured. As 
discussed earlier, the Cu and Zn phases in the precursor films and the films sulfidized at 
100 oC are heavily textured. For these films, the relative intensities of the (111) and (101) 
reflections of Cu and Zn near 43-44o are significantly greater than those expected from 
their respective powder diffraction patterns. For this reason the elemental Cu and Zn 
phases have been omitted from the phase composition analysis for the precursor films 
and the films sulfidized at 100 oC, as they would make up in excess of 80% of the bar 
representing these films, even though (based on stoichiometry) they make up less than 
80% of the film. The relative phase compositions of these films are still useful to 
consider, however, as they clearly show the change in alloying in these films. 
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Table 2.3 The unique diffraction planes used for quantifying the phase composition of the films. 
These diffraction peak intensities were used to construct Figure 2.8. 
Phase 2θ [o] (hkl) 
Relative Intensity 
[arb. units] 
Sn (PDF # 00-004-0673) 32.019 (101) 90 
Cu6.26Sn5 (PDF # 00-047-1575) 30.126 (101) 100 
Cu5Zn8 (PDF # 00-025-1228) 37.967 (321) 5 
CuS (PDF # 00-006-0464) 31.785 (103) 100 
SnS (PDF # 00-039-0354) 26.010 (120) 50 
Cu4Sn7S16 (PDF # 01-089-4713) 34.414 (208) 95 
SnS2 (PDF #00-023-0677) 15.029 (001) 100 
Sn2S3 (PDF #00-014-0619) 21.499 (130) 100 
Cu2ZnSnS4/Cu2SnS3/ZnS (PDF# 04-005-
0388/01-089-2877/00-005-0566) 
28.441/28.447/ 
28.559 
(112)/(111) 
/(111) 
100/100/100 
 
The results of this analysis for SLG and FQ substrates are displayed as bar graphs in 
Figure 2.8, providing a visual summary and representation of the evolution of the films 
phase composition with sulfidation temperature. Only the phases present in amounts high 
enough to be detected by XRD are included in the bar graphs. Additional phases could be 
detected through confocal Raman microscopy. These minority phases are listed above the 
bar for each temperature. Films deposited on FQ and SLG exhibit nearly identical phase 
composition evolution from 100 oC to 300 oC. 
 We do not detect any significant sulfidation at 100 and 200 oC but both Cu5Zn8 
and Cu6.26Sn5 fractions increase when the precursor films are heated to 100 and 200 oC. 
By 200 oC nearly all of the elemental Sn is alloyed. The incorporation of S starts between 
200 and 300 oC. After Sulfidation at 300 oC, each film is comprised of binary and ternary 
sulfides, and CZTS.  Since there is no Cu and Zn containing ternary, formation and 
segregation of ZnS and CuS from the Cu5Zn8 alloy is not surprising. Formation of 
Cu2SnS3 from sulfidation of the Cu6.26Sn5 alloy can also be expected.  
  
Figure 2.8 The evolution of the phase composition of films on 
the sulfidation temperature. The heights of the colored bars represent the fraction of the phases 
present in the film. See text and Table 2.3 for calculation details. Textured Cu and Zn phases are 
omitted from the phase composition of the precursor and the film sulfidized at 
listed above each bar are those identified by Raman spectroscopy.
 
While the phase composition of the films on SLG and FQ are similar up to 
they start to differ when T
400 oC with only very small amounts of ZnS and SnS
albeit unquantifiable, amount of a currently unidentified phase. These results are similar 
to those by Han et al. who claimed to have achieved phase
films, sputtered from Cu, ZnS and SnS
at 400 oC.30 In most other sulfidation studies, however, conversion to CZTS is not 
achieved until after Ts 
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exceeds 480 oC.28,29 The small amounts of ZnS and SnS
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2 
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remaining at 400 and 500 oC appears to be consistent with Thimsen et al. who 
hypothesized that Zn diffusion into SnS2 and Sn diffusion into ZnS are slow and are the 
rate limiting steps in forming CZTS from binary metal sulfides.47 At 600 oC, CZTS 
formation on SLG is complete after 8 hours of sulfidation.  
 In contrast to films sulfidized on SLG, we find significant (i.e. detectable by 
XRD) amounts of Cu4Sn7S16, and SnS2 in films sulfidized on FQ at 400 and 500 oC. On 
FQ, nearly complete conversion to CZTS requires temperatures as high as 600oC. Even 
then, impurity phases persist and we still find SnS2, ZnS and CuS inclusions in the film 
with confocal Raman spectroscopy.  
 Films sulfidized on P and SP exhibit a nearly identical phase composition 
evolution to films sulfidized on FQ, though the films are nominally phase pure at Ts= 600 
oC. The films on Q undergo a nearly identical phase evolution to FQ.  The films on Q 
also contain Cu4Sn7S16, and, like the film on FQ, still contain impurity phases even when 
sulfidized at 600 oC. Although the Cu4Sn7S16 phase has been reported in films 
synthesized from a Sn-rich precursor,48 we have never observed this phase when 
sulfidizing Sn-rich films on SLG. This suggests that the presence of this phase is not 
necessarily correlated with high Sn concentrations in the precursor films. 
 It may be surprising that, even though the films are slightly copper rich, we do not 
observe significant amounts of copper sulfide. The commonly hypothesized reaction 
pathway that forms CZTS from a Cu-Zn-Sn alloy film begins with the formation of 
binary sulfides, ZnS, Cu2-xS, and SnxSy, followed by a reaction to form Cu2SnS3 which 
later interdiffuses with ZnS to form CZTS. (Cu2SnS3 and ZnS have the same sulfur 
sublattice so that this interdiffusion can be thought of mixing of the cations.) If the film is 
Cu rich such that Cu/Sn > 2, we certainly expect copper sulfide domains to be present in 
the CZTS film. However, if Cu/Sn ≤  2, as is the case in our precursor films, copper 
sulfides are converted to Cu2SnS3. In fact, at temperatures 400 oC and higher, the copper 
sulfide  content falls below the detection limits of XRD, is not visible by SEM/EDS, and 
is found only by diligent examination with Raman microscopy in only some of the films. 
Based on this, it follows that a film with a Cu/Zn ratio greater than 2 does not necessarily 
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have to form copper sulfide  if sufficient amounts of Sn are also present to form Cu2SnS3. 
The lack of large domains of copper sulfide at elevated temperatures also demonstrates 
that the limiting process in CZTS formation in our sulfidation scheme is in fact ZnS 
intermixing with Cu2SnS3 and not the conversion of copper and tin sulfides. 
 Figure 2.8  reveals that conversion of binary and ternary sulfides to CZTS is more 
facile on SLG than on any of the other substrates used in this study: the films on SLG are 
converted nearly completely to CZTS at lower sulfidation temperatures than films on 
other substrates. Moreover, the Cu4Sn7S16 phase is not even observed when the films are 
sulfidized on SLG. The obvious difference between SLG and the other substrates is the 
impurities in SLG (Table 2.2).  Amongst all the substrates used in this study, only SLG 
and P contain intentionally added impurities. Moreover, SLG has more than thrice the Na 
concentration of P. As we will now discuss, comparison of the microstructures of the 
films synthesized on different substrates reinforces the observation that sulfidation and 
CZTS crystal growth is more facile on SLG. 
 
2.3.3 Microstructure 
 Figure 2.9 shows low magnification plan view SEM micrographs of films 
sulfidized on all substrates at temperatures between 300 oC and 600 oC. The surface 
morphologies of the films sulfidized on all substrates appear similar up to Ts=500 oC. On 
all substrates, the surface morphology of the films sulfidized at 300 oC is inhomogeneous 
and exhibit several distinct features, each characteristic of the phases identified through 
Raman spectroscopy and XRD.  Indeed, the elemental compositions of these features 
match one of ZnS, CuS, SnS2, or Cu2SnS3. Utilizing EDS point-and-shoot mode, we find 
that the morphological features circled in Figure 2.9 (a), (e), (i), (m), and (q), for 
example, correspond to CuS (red), ZnS (green), and Cu2SnS3 (blue). Clearly, as the metal 
alloys are sulfidized, binary and ternary sulfides form and segregate. The inhomogeneous 
morphology is consistent with the observation of multiple sulfides with XRD and Raman 
spectroscopy. 
  
Figure 2.9 Plan view SEM images of the films deposited on SLG (a
P (q-t) after sulfidation at various temperatures between 300 
all images. Colored circles are referred to in the text.
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 As the sulfidation temperature is increased to 400 and to 500 oC, CZTS grows at 
the expense of the binary and ternary sulfides (Figure 2.8), the elemental composition 
across the film surface and morphology becomes more homogeneous. On films sulfidized 
at 400 oC and at 500 oC there is no obvious correlation between morphological features 
and composition, even though small amounts of impurity phases (e.g., ZnS, SnS2 and 
Cu4Sn7S16, see Figure 2.8) can be detected by both Raman spectroscopy and XRD. While 
the surface morphology appears increasingly more uniform with increasing Ts, the 
surface of the films on both SLG and FQ have a rather nondescript microstructure with 
no obvious grain structure. Cross sectional SEM images of these two films at Ts = 500 oC 
reveal a better-defined grain structure (Figure 2.10). The average grain sizes measured 
from cross sectional images were 260 ± 50 nm for the film on SLG and 160 ± 30 nm for 
the film on FQ.  Recognizable surface grains emerge only when the sulfidation 
temperature is raised above 500 oC (Figs. 2.9 and 2.11).  Remarkably, the microstructures 
and the grain sizes of the films sulfidized on FQ and the films sulfidized on SLG are 
significantly different when the sulfidation is at 600 oC. The morphologies and grain sizes 
of the films grown on FQ show little change between 500 and 600 oC (170 nm ± 40 nm at 
600 oC).  In contrast, the film on SLG is remarkably uniform across the surface, with 
clearly distinguishable grains averaging 970 ± 160 nm in size. 
 Figure 2.11 compares the plan and cross sectional views of films sulfidized on 
SLG, FQ, Q, SP, and P at 600 oC. In plan view, films synthesized on all substrates, except 
SLG, exhibit a similar fine-grained surface morphology. Even though grains are not 
apparent in the plan view of the films on Q, FQ, SP and P, the cross sectional SEM image 
reveals grains in addition to a bilayer structure where grains appear to be larger in the 
layer near the substrate than the layer at the top of the film. This bilayer structure is also 
present in the film on SLG sulfidized at 500 oC, but it is not observed if the sulfidation is 
conducted at 600 oC.  This observation hints that the formation of the bilayer structure 
may be due to stress buildup in the film during CZTS formation and grain growth. SLG is 
the only substrate in this study to soften by 600 oC, so that stresses that develop in the 
film may relax on SLG, which becomes compliant at 600 oC.  
  
 
Figure 2.10 Cross-sectional SEM images of the samples sulfidized on (a) SLG and (
500 oC. 
 
 One likely explanation for the vastly improved morphology of CZTS and larger 
grain sizes on SLG compared t
the CZTS layer.  Recently, Hliang Oo 
to sulfidation drastically improved the grain size.
study demonstrating the effects of various impurity atoms in SLG on CZTS morphology. 
In that study enhanced grain growth on SLG substrates was found to be due to Na and K, 
while others such as Ca, Mg, B and Al were ruled out.
observations to those by Nagaoka 
peak of CZTS single crystals and suggested that Na substitutes into the cation sites, 
expanding the CZTS unit cell. Such an expansion may facilitate grain growth by 
enhancing diffusion.49 In addition to its profound effect on the microstructure, Na also 
affects the electrical properties of CZTS.
 Curiously, Pyrex also contains significant levels of Na and K (though less than 
SLG), yet its grain size is significantly smaller tha
40 
 
o other substrates is impurity diffusion from the SLG into 
et al. showed that addition of Na2S to the film prior 
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 Recently we published a systematic 
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 It is interesting to relate our 
et al. who detected a shift in the (112) x
49 
n SLG. Using time of flight secondary 
b) FQ (b) at      
-ray diffraction 
  
ion mass spectroscopy we find significant amounts of the aforementioned impurities in 
films on SLG and on P but not in Q. A detailed quantitative investigation of the subtle 
differences in impurity concentrations in th
Figure 2.11 High magnification plan view (a,c,e,g,i) and cross sectional (b,d,f,h,j) SEM images of 
films sulfidized at 600 oC on SLG (a, b), on FQ (c, d), on Q (e, f), on 
scale bar applies for all images.
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2.4 Conclusions 
 In summary, thin CZTS films were synthesized by sulfidizing co-sputtered Cu-
Zn-Sn films deposited on crystalline quartz, fused quartz, sapphire, Pyrex, and soda lime 
glass substrates in an isothermal closed system between 100 and 600 oC for 8 hours. On 
all substrates, CZTS formation proceeds through sulfidation of Cu, Zn, and Sn metals and 
Cu5Zn8 and Cu6.26Sn5 alloys, which form during sputtering and heating to 200 oC. 
Sulfidation begins between 200 oC and 300 oC on all substrates.  
 By 300 oC the precursor films are completely sulfidized and are composed of 
similar amounts of CuS, SnS, SnS2, Sn2S3, ZnS, Cu2SnS3 and CZTS. Significant 
differences in phase composition begin to emerge at 400 oC. Films grown on SLG are 
nearly all CZTS by 400 oC, though some small amounts of ZnS, SnS2, and an 
unidentified phase are detected. Films deposited on all other substrates persistently 
contained significant amounts of impurity phases such as Cu4Sn7S16 until the sulfidation 
temperature is increased to 600 oC. Upon sulfidation at 600 oC the film on SLG has 
significantly larger grain size than the films on all other substrates. Thus, sulfidation and 
grain growth on SLG is accelerated compared to other substrates. This acceleration, and 
the large grained microstructure on SLG, are attributed to impurity diffusion from the 
SLG substrate into the CZTS films, though further study is needed to determine exactly 
which impurity atom(s) is responsible, and to better understand the mechanism behind 
impurity-assisted grain growth. 
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Chapter 3  
Tuning the composition of Cu2ZnSnS4 synthesized via ex situ 
sulfidation of co-sputtered Cu-Zn-Sn films 
3.1 Introduction 
The global solar-to-electric energy conversion capacity has doubled every 2.5 years 
between 1975 and 2013.1 Maintaining this growth rate towards terawatt levels with 
current thin-film solar cells based on CdTe or CuIn1-xGaSe2 (CIGS) may be difficult 
because the abundance of indium and tellurium in earth’s crust is very low.2 Cu2ZnSnS4 
(CZTS) and Cu2ZnSnSe4 (CZTSe) are earth abundant, low cost, and non-toxic 
alternatives to CdTe and CIGS and are being considered as the absorber layer in thin film 
solar cells.3  These p-type semiconductors have high absorption coefficients (>104 cm-1 
for λ<1000 nm),4 and their bandgaps span the ideal energy range for solar cells, from 1.0 
eV for CZTSe to 1.45 eV for CZTS.5 The band gap can be tuned between these two 
values by forming Cu2ZnSnS4xSe4(1-x) alloys and solar cells based on such alloys have 
already achieved power conversion efficiencies as high as 12.04%6. Rapid rise in power 
conversion efficiencies over a relatively short time period (~5 years) is remarkable but 
these efficiencies still fall significantly short of the 20.4% achieved by CIGS based solar 
cells.7 Closing this gap requires a better understanding of the factors that affect the film 
composition during synthesis because solar cell efficiencies depend strongly on the 
elemental composition of the CZTS layer. 
 Solar cells made from stoichiometric Cu2ZnSnS4 films perform significantly 
worse than those made from copper poor films.  Specifically, the highest efficiency cells 
tend to be Cu poor ([Cu/(Zn+Sn)] ~ 0.8) and Zn rich ([Zn/Sn] ~ 1.1).3,8 However, 
synthesizing phase-pure CZTS thin films with a specific off-stoichiometric composition 
is non-trivial. This is partially due to the fact that CZTS has a rather small window of 
phase stability before secondary phases form.9 Tuning the composition is also 
complicated because Sn may leave the film at elevated temperatures if the composition of 
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the vapor phase above the film is not controlled carefully. For example, low S partial 
pressures above the film favor Sn loss.10–12 This problem is further exacerbated when 
films are annealed or sulfidized in open systems, where vapor composition and pressures 
are not well controlled and Sn loss through the vapor phase may be irreversible.  
 We synthesized CZTS films via ex situ sulfidation of cosputtered Cu-Zn-Sn alloy 
films and studied the dependence of the CZTS phase purity and composition on the 
elemental composition of the alloy films. An important feature of our work is that the 
sulfidation is conducted in an isothermal closed system such that the film and the vapor 
phase above the film is expected to reach equilibrium: material (e.g., Sn) loss from the 
system by flow is avoided. We found that the Cu and Zn concentrations in the CZTS film 
depended on the composition of the Cu-Zn-Sn precursor film. However, the Sn 
concentration in the film is self-regulating such the ratio of Cu to Sn ([Cu/Sn]) is always 
~ 2 over a wide range of starting Sn concentrations in the precursor film provided that 
sufficient Sn is present in the system. Precursor films that were significantly Sn rich 
undergo copious amounts of Sn loss via SnS evaporation until the Cu/Sn ratio is ~ 2. The 
Cu/Sn ratio in films that were initially Sn deficient, could be increased to ~ 2 by 
including elemental Sn in the sulfidation ampoule. Time dependent experiments revealed 
the surprising mechanism behind this Sn regulation. Early in the sulfidation process a 
majority of the Sn in Sn rich precursors is lost to the vapor phase through rapid formation 
and subsequent evaporation of SnS. However, the SnS vapor eventually reacts with Cu2-
xS in the film to form Cu2SnS3. This non-volatile ternary phase is then converted to CZTS 
through interdiffusion and mixing with ZnS. When the precursor film is made Sn-poor 
but elemental Sn is included in the system, sulfur vapor reacts to form SnS vapor to 
provide the missing Sn to the film.   
 
3.2 Experimental 
CZTS films were synthesized via ex situ sulfidation of 250 nm thick Cu-Zn-Sn metal 
films on soda lime glass (SLG) substrates.13,14 The metallic precursor films were co-
sputtered from Cu/Zn (35 at% Cu) and Cu/Sn (60 at% Cu) targets at 10 mTorr using Ar 
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as the working gas in a sputtering chamber with a base pressure of 2×10-7 Torr. 
Following deposition, the Cu-Zn-Sn precursor films were sealed in an evacuated quartz 
ampoule (base pressure of 10-6 Torr) with ~ 1 mg of solid S, and if the precursor film was 
Sn deficient, ~ 1 mg of solid Sn. This ampoule, containing the film, S, and, in some 
experiments Sn, was placed in a box furnace where it was heated at a rate of 6.5 oC/min 
to 600 oC, sulfidized isothermally for 8 hrs, and then allowed to cool to room temperature 
naturally. The films were characterized using X-ray diffraction (XRD), confocal Raman 
microscopy, scanning electron microscopy (SEM), and energy dispersive X-ray 
spectroscopy (EDS). Specifically, XRD from sulfidized films were acquired using a 
Bruker D8 Discover system equipped with a Cu Kα x-ray source, 0.8 mm beam 
collimator, and a Hi-Star 2D area detector. Raman spectra were collected at room 
temperature using a WiTec alpha300R confocal Raman microscope equipped with a 
UHTS300 spectrometer and a DV401 CCD detector. The films were illuminated with an 
Omnichrome Ar ion laser (514.5 nm, ~300 nm beam spot size) while Raman scattering 
was collected in backscattering geometry and dispersed with an 1800 lines/mm grating, 
resulting in a spectral resolution of 0.02 cm-1. The morphology and spatially averaged 
elemental composition of the sulfidized films were examined using a JEOL 6500 SEM 
equipped with a Thermo-Noran Vantage EDS detector. The electron energy was set at 15 
keV both for imaging and EDS measurements. At this energy the EDS probe depth is 
estimated to be near 2 µm, ensuring that the entire depth of the sulfidized films was 
examined. 
3.3 Results and Discussion 
3.3.1 Effects of Precursor Composition 
 We explored many different precursor film compositions and these starting 
compositions are plotted as green circles on the ternary diagram in Figure 3.1. 
Representation of the precursor Cu-Zn-Sn alloy film composition (no sulfur) on the 
ternary sulfide diagram requires a conversion. For example, the precursor Cu-Zn-Sn alloy 
film composition that corresponds to stoichiometric Cu2ZnSnS4 is 50% Cu, 25% Zn, and 
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25% Sn. On Figure 3.1 this stoichiometric composition would plotted as a green circle at 
33.3% Cu2S, 33.3% ZnS and 33.3% SnS2. After sulfidation, we characterized all CZTS 
films thoroughly and the corresponding compositions are shown as blue squares in Figure 
3.1. The S content in all sulfidized films was  48% and varied only within the error of the 
EDS from film to film.  
 We find that if the precursor film is Sn rich (up to 45% of the metals), excess Sn 
leaves the film during sulfidation until the final Cu/Sn ratio becomes  ~ 2. Moreover, 
when precursor films with Sn-deficient compositions (i.e. [Cu/Sn] > 2) are sulfidized 
with elemental Sn (1 mg) in the sulfidation ampoule, in addition to the S charge, the Sn 
can be incorporated film until the Cu/Sn ratio rises to  ~ 2. Thus, the Sn content in the 
film is self-regulating such that the Cu/Sn ratio becomes ~2 at equilibrium as long as 
adequate Sn is present in the entire system. This is made visual by Figure 3.1 where 
scattered green circles, representing the composition of precursor films prior to 
sulfidation, collapse to a line of blue squares, representing the composition of sulfidized 
films. The Cu/Sn ratio along this line is 2.  
 Inclusion of Sn in the annealing system was shown by Redinger et al.12 as an 
effective strategy to counter SnS loss from the film10 via the reaction Cu2ZnSnS4(s) ⇔ 
Cu2S(s)  + ZnS(s) + SnS(g) + ½ S2(g). Redinger et al. proposed that Sn reacts with S to 
form SnS vapor which than drives the decomposition reaction in the reverse reaction. Our 
experiments show that Sn from SnS vapor can be incorporated into the film even when 
the precursor films are significantly Sn poor to begin with. Moreover, including excess 
Sn in the precursor films is adequate to prevent detrimental Sn loss, as long as the Sn 
leaving the film as SnS vapor remains above the film (as in a closed system) and is not 
swept away by flow. Zinc and copper loss from the films was negligible and the 
elemental composition moved along lines of constant ZnS and Cu2S. The latter is 
expected because Cu vapor pressure at 600 oC is very low. Zinc vapor pressure is high 
and rises from 1.76 x 10-14 Torr  at25 oC to 11.4 Torr at 600 oC.  Absence of significant 
Zn loss from the film suggests that as the temperature increases Zn is sulfidized rapidly 
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before it can leave the film as Zn metal vapor.14 This observation is consistent with that 
reported by Mousel et al. who studied selenization.15,16 
 
Figure 3.1 Ternary diagram showing precursor (green dots) and sulfidized (blue square) 
compositions. Sulfidized films have a S composition of ~ 48%. The dotted line is a line of constant 
[Cu/Sn] of 2. 
 
 Figures 3.2 (a)-(e) show six representative films with different compositions. 
Figures 3.2 (a)-(c) show SEM images of three films (labelled A, B and C) all of which 
were synthesized by sulfidizing initially Sn rich precursor films (i.e., [Cu/Sn] < 2). The 
initial and final compositions of these films are listed in Table 3.1.  Prior to sulfidation, in 
addition to being Sn rich, Film A was Zn poor ([Cu/Zn] > 2), Film B had a stoichiometric 
amount of Zn ([Cu/Zn] ~ 2) and Film C was Zn rich ([Cu/Zn] < 2). These three 
compositions were chosen as examples to illustrate four important observations. First, 
during sulfidation, excess Sn in the precursor films leaves the film as SnS until the Cu/Sn 
ratio in the film increases to ~ 2. Second, stoichiometric CZTS can be obtained even if 
there is excess Sn in the precursor film as long as the Cu/Zn ratio is ~ 2. Third, when the 
Cu/Zn ratio is lower than 2, excess Zn precipitates as ZnS. Finally, significant material 
loss (e.g., Sn as SnS) from the film creates voids in the film. For example, prior to 
sulfidation, film A was significantly Sn rich and significantly Zn poor. Upon sulfidation, 
the film remained Zn poor, but just the right amount of Sn left the film such that the 
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Cu/Sn ratio in the sulfidized film increased to  ~ 2, the value expected for stoichiometric 
CZTS.  While the precursor film was continuous, the sulfidized film (Figure 3.2(a)) is 
discontinuous with voids separating large grains. We attribute this morphology to 
significant material loss from the film (i.e., Sn as SnS vapor). Prior to sulfidation, film B 
was also Sn rich but the Cu/Zn ratio was nominally stoichiometric (~ 2). Upon 
sulfidation, a nominally stoichiometric CZTS film was obtained: the Cu/Zn ratio 
remained at ~ 2 while, again, just the right amount of Sn left the film as SnS such that the 
Cu/Sn ratio in the sulfidized film increased to  ~ 2. The plan view SEM (Figure 3.2(c)) of 
this film showed voids between the grains indicative of material loss. Finally, prior to 
sulfidation, film C, was slightly Zn and Sn rich ([Cu/Zn] < 2 and [Cu/Sn] < 2  ). Upon 
sulfidation, again, Sn loss from the system increases the Cu/Sn ratio to ~ 2. However, the 
excess Zn precipitates as ZnS precipitates and are visible as small insulating grains in 
Figure 3.2(c): these grains appear brighter than the CZTS grains.  
 
Table 3.3.1 Precursor and sulfidized film compositions as determined from EDS. The precursor 
composition that corresponds to stoichiometric Cu2ZnSnS4 in absence of metal loss from the film is 
50% Cu, 25% Zn and 25% Sn. The stoichiometric sulfidized film composition 
 Precursor Sulfidized 
Film Cu Zn Sn Cu Zn Sn S 
A 45.78 9.61 44.61 32.02 5.81 14.23 47.94 
 
(29.68) (12.46) (57.85) (44.41) (16.12) (39.47) 
 
B 40.57 19.18 40.25 27.25 12.41 12.96 47.38 
 (25.45) (24.06) (50.49) (34.94) (31.82) (33.24)  
C 44.09 29.56 26.35 22.99 16.30 12.18 48.53 
 (28.28) (37.92) (33.80) (28.76) (40.78) (30.47)  
D 66.15 13.53 20.32 30.15 8.02 14.36 47.47 
 (49.42) (20.22) (30.36) (40.25) (21.41) (38.34)  
E 58.26 23.30 18.44 26.03 11.12 13.42 49.43 
 (41.10) (32.88) (26.02) (34.66) (29.61) (35.73)  
F 46.22 34.91 18.87 20.58 16.93 11.69 50.79 
 (30.06) (45.40) (24.54) (26.45) (43.51) (30.04)  
 
 Figures 3.2 (d)-(f) show SEM images of three films (labelled D, E and F) all of 
which were synthesized by sulfidizing initially Sn poor precursor films (i.e., [Cu/Sn] > 2, 
see Table 3.1). These films were sulfidized with 1 mg of Sn present in the sulfidation 
  
ampoule. Prior to sulfidation, in addition to being Sn poor, Film D was Zn poor ([Cu/Zn] 
> 2), Film E had a stoichiometric amount of Zn ([Cu/Zn] ~ 2) and Film F was Zn rich 
([Cu/Zn] < 2). Despite starting out Sn poor, all three films have a Cu/Sn ratio of ~ 2 aft
sulfidation indicating that additional Sn was incorporated into the films. It is also quite 
obvious from the plan view SEM images that film D is much more compact and dense 
than film A. This is expected because there is no material loss from the film D;
there is net material addition to film D through reaction of SnS vapor to increase the Sn 
content in the film. This is in contrast to film A which lost Sn during sulfidation. Finally, 
the Zn-rich film F, like film C, exhibits small insulating dom
Figure 3.2 Plan view SEM images of selected films A (a), B (b), C (c), D (d), E (e), and F (f). Same 
scale bar applies to all images.
  
 We identified the phases present in films
Raman scattering (Figures 3.3 and 3.4). XRD from CZTS, Cu2SnS3 and ZnS are 
virtually indistinguishable except for two weak diffractions at 2
are unique to CZTS. XRD from film A shows that these un
are absent. That the low intensity, identifying peaks for CZTS are absent indicates that a 
substantial fraction of the film may in fact be Cu
identical to that of CZTS. We also detect 
Cu3SnS4. This is consistent with the Raman spectrum which shows a broad feature in the 
290-305 cm-1 range in addition to a peak at 336 cm
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 The latter two overlap with Raman scattering peaks for CZTS and ZnS but the 
feature at 290-305 cm-1 indicates the presence of Cu2SnS3. There is no indication of the 
formation of copper sulfides in XRD or Raman. We conclude that this film is mostly 
Cu2SnS3 with some CZTS because there is not enough Zn in the film to convert all 
Cu2SnS3 to CZTS. Raman peaks characteristic of Cu3SnS4 are expected at 295 cm-1, 318 
cm-1 and 248 cm-1. While two of these peaks overlap with those from Cu2SnS3 and 
CZTS, the broad feature at 318 cm-1 in the Raman spectrum of film A (Figure 3.4) is 
consistent with Cu3SnS4. We conclude that in absence of adequate Zn to convert all Cu to 
CZTS, copper tin sulfide phases form and excess Sn leaves the film as SnS. Cu/Sn ratio 
in both CZTS and Cu2SnS3 is 2 while it is 3 in Cu3SnS4. The measured Cu/Sn ratio in 
film A is 2.25, close to 2, which indicates that just enough Sn has remained in the film to 
form mostly Cu2SnS3 and CZTS and the excess has evaporated as SnS. Cu/Sn ratio 
slightly higher than 2 is consistent with the formation of small amounts of Cu3SnS4. 
 When the Cu/Zn ratio in the Sn-rich precursor film is decreased to 2 by increasing 
the amount of Zn (film B) the XRD of the sulfidized film becomes consistent with that 
expected from phase pure CZTS: the unique CZTS diffraction peaks at 2θ = 36.9o and 
37.9o appear while the weak Cu3SnS4 diffractions disappear. Moreover, the Raman 
spectrum exhibits peaks characteristics of CZTS at 284 cm-1 and 333 cm-1. The broad 
features for Cu2SnS3 (290-305 cm-1) and Cu3SnS4 (318 cm-1) have also disappeared. We 
conclude that there is now enough Zn in the precursor film to convert all Cu to CZTS. 
Cu/Sn ratio is 2.1, very close to 2 and up significantly from the Cu/Sn ratio of 1 in the 
precursor film because excess Sn has left the film as SnS. Increasing Zn in Sn-rich films 
further (film C) leads to the formation of ZnS which is difficult to detect by XRD, and 
even with Raman spectroscopy, but is most obvious in the SEMs as bright insulating Zn-
rich regions (e.g., Figure 2(c)). The Cu/Sn ratio in film C is 1.9, again very close to 2 and 
up from the Cu/Sn ratio of 1.67 in the precursor film. In summary, the Sn-rich precursor 
films lose Sn such that the final Cu/Sn ratio in the films becomes ~ 2 after sulfidation. 
When these precursor films are Zn poor, copper tin sulfide phases form in addition to 
CZTS. When the precursor films are Zn rich ZnS forms in addition to CZTS.  
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Figure 3.3 The XRD patterns collected from selected samples. The bottom panels show the expected 
powder diffraction patterns for Cu3SnS4 and CZTS. 
 
 If the precursor films are Sn poor, additional Sn can be incorporated into the film 
by including Sn in the sulfidation ampoule. The solid Sn reacts with S vapor to form SnS 
which can then react with the film to incorporate Sn into the film and bring the Cu/Sn 
ratio down to ~ 2. For example, the Cu/Sn ratio in film D decreased from 3.25 before 
sulfidation to 2.1 after sulfidation when Sn shots were included in the ampoule. Like film 
A, film D was also Zn poor. Like film A, CZTS diffraction peaks expected at 2θ = 36.9o 
and 37.9o are undetectable in film D indicating that only a fraction of the film is CZTS. 
Like film A, the broad Raman scattering feature in the 290-305 cm-1 range indicate the 
presence of Cu2SnS3 in film D. Remarkably, even though films A and D have 
significantly different concentrations of Sn before sulfidation, the Cu/Sn ratio in both 
films is ~ 2 after sulfidation and both films are a mixture of copper tin sulfides and 
CZTS. Despite the fact that film D is  66% copper before sulfidation, there is no 
indication that the sulfidized film contains any copper sulfides. Apparently SnS can 
readily react with any copper sulfides that may have formed to form copper tin sulfide. 
  
Unlike, film A, however, we do not detect any Cu
that this phase forms when the precursor films are Sn rich and/or that there is no 
mechanism to form this phase while incorporating Sn as SnS from the vapor phase. Wh
the amount of Zn in the precursor films is increased (films E and F) the unique CZTS 
diffraction peaks at 2θ = 36.9
CZTS. However, close examination of Film F under SEM, like film C, show ZnS grains 
because the precursor film is slightly Zn rich. 
Figure 3.4 Raman spectra collected from selected films.
  
 The simple view that emerges from our experiments is that if Cu
precursor films are sulfidized with excess Sn in the system, the amount of Sn in the film 
is self regulated such that Cu/Sn ratio in the sulfidized film is  ~ 2 after sulfidation. The 
excess Sn can be in the alloy itself or in the sulfidation ampoule. However, care must be 
taken so that system is either closed or excess Sn does not leave the immediate vicinity of 
the film as SnS vapor. The relative amounts of Cu and Zn in the film determines 
secondary phases that may form. When the films are Zn deficient but there is excess Sn 
in the system, copper tin sulfide phases form in addition to CZTS. When the films are Zn 
rich, ZnS forms in addition to CZTS.  The most significant difference between the films 
that were initially Sn rich and the films that were Sn
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that underwent significant Sn loss tended to have more voids between the grains due to 
material loss. 
Figure 3.5 Panel (a) shows an SEM image of a sulfidized film that was initially very Sn poor (51% 
Cu, 38% Zn, 11% Sn) and sulfidized with Sn within the ampoule. The final atomic composition of 
this film was 24% Cu, 19% Zn, 6% Sn, and 51% S. The large features on 
are domains of CuS, which sit atop a layer of ZnS, which appears much whiter in color due to ZnS's 
insulating  nature. Below the layer of ZnS, next to the substrate and darker in color, is a layer of 
CZTS. The phase identification of
characterization, including XRD (b) and Raman (c) confirm the presence of CZTS and CuS.
 
 There is a limit on the Sn deficit in precursor film that can be made up by 
including Sn in the sulfida
completely in Zn-rich precursor films with Cu/Sn ratio greater than 3.6 (the lower right 
hand corner of Figure 3.1). An SEM image and XRD and Raman spectra for one of these 
films is shown in Figure 3.5.  The sulfidized Zn
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 these morphological features was performed by EDS. Structural 
tion ampoule. Specifically, a Sn-deficit could not be overcome 
-rich and very Sn poor precursor film was 
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comprised of CuS, ZnS, and CZTS. The film had a tri-layered structure with large (5 - 10 
m) CuS grains on a layer of ZnS, which was atop a layer of CZTS. At high 
temperatures, ZnS is soluble within Cu2S,8 and this layer on the surface of the film may 
have inhibited the incorporation of Sn as Sn diffusion into ZnS is very slow20 We surmise 
that the Sn incorporation may have been suppressed by this film structure. 
 These observations suggest some strategies for synthesizing CZTS films suitable 
for solar cell. First, our results suggest that sulfidizing precursor films with Zn and Cu 
atomic composition reasonably near stoichiometric CZTS in presence of excess Sn may 
be an effective strategy to manipulate Cu and Zn related defects such as Cu vacancies and 
antisite defects. If there is excess Sn in the film, or if excess elemental Sn is included in 
the sulfidation ampoule in Cu/Sn ratio will approach 2 while Cu/Zn ratio will remain 
essentially unchanged. Second, our experiments suggest that to make dense, void free 
films it is better to start with a Sn-deficient precursor films and add Sn as SnS via the 
vapor phase. This approach eliminates a potential void formation mechanism. 
 
3.3.2 The Mechanism of Sn Self-Regulation 
 The dependence of the films’ phase composition on the atomic composition of the 
precursor films gives insight into the mechanism that regulates the Sn composition in the 
sulfidized films.  Films where [Cu/Zn] > 2 tended to have Cu2SnS3 domains alongside the 
CZTS. Likewise to CZTS, within Cu2SnS3, [Cu/Sn] = 2.  It has also been well 
documented that Cu2SnS3 is an intermediate phase en route to CZTS formation,21,22 so it 
is also possible that any Sn not consumed by the intermediate phase Cu2SnS3 leaves as 
SnS vapor.  However, it remains unclear as to if Cu2SnS3 forms out of the Cu-Sn alloy 
initially present in the precursor film, or if it forms from binary sulfides like SnS and Cu2-
xS undergoing a solid state reaction, or if Sn leaves the film as SnS and later returns.  
 To elucidate the mechanism that regulates the Sn composition in sulfidized films, 
we studied the time dependce of the films’ atomic and phase composition during 
sulfidation at low temperatures where reaction intermediates can be captured before full 
conversion. Specifically, precursor films with differing initial Sn concentrations were 
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sulfidized  at 300 oC. Four ampoules were loaded into the furnace, and the furnace was 
heated to 300 oC at 6.5 oC/min. The first ampoule was removed from the furnace as soon 
as the temperature reached 300 oC (t=0 min). The remaining ampoules were removed 60 
and 240 minutes later ( t = 60 min and t = 240 min). After 480 minutes, the furnace was 
turned off and the last ampoule was allowed to cool to room temperature naturally. 
 
Figure 3.6 The atomic composition of copper-zinc-tin alloy films sulfidized at 300 oC as a function of 
sulfidation time. 
  
 Figures 3.6 and 3.7 summarize the temporal evolution of the films’ atomic and the 
phase composition as a function of sulfidation time during these experiments. Figure 3.7 
summarizes both the XRD (the colored bars) and the Raman scattering data (phases listed 
above the bars), The details of the analysis used to construct the phase-composition bar 
graph in Figure 3.7, has been described elsewhere.16 Briefly, the  fraction of each phase is 
determined from the the integrated intensity of a unique peak after normalizing these 
values by the film thickness, X-ray exposure time, and the expected relative intensity for 
the peak. The fraction is determined from the ratio of the normalized value for each phase 
with the sum for all the phases detected in the film by XRD. This gives a reasonable 
estimate of the phase composition, provided that the films are not textured. The 
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individual XRD and Raman data used to construct Figure 3.7 are shown in Figures 3.8 
and 3.9, respectively.  
 
Figure 3.7 The phase composition of copper-zinc-tin alloy films sulfidized at 300 oC as a function of 
sulfidation time. The heights of the colored bars represent the fraction of the phases present in the 
film. The phases listed above each bar are those identified by Raman spectroscopy. 
 
 The precursor film is Sn rich and slightly Zn-poor such that [Cu/Sn] = 1.6 and 
[Cu/Zn]  = 2.3. The precursor film consisted of elemental Zn, Cu, and Sn phases as well 
as the Cu6.26Sn5 phase. The phase composition of the precursor film is not plotted on 
Figure 3.7 because Zn and Cu diffractions overlap and the film is textured.  
 The atomic composition of the film removed immediately after the furnace has 
reached 300 oC (t=0) is nearly identical to that of the precursor film with very little S (~ 
7%) incorporation. Similar to films sulfidized at 200 oC and discussed elsewhere,16 we 
found by SEM and EDS, small insulating grains on the surface of the film which we 
attributed to the start of ZnS formation, shown in Figure 3.10; the volume fraction of 
these ZnS grains are below the detection limits of Raman and XRD. Based on XRD, the 
rest of the film appeared to be entirely alloyed and comprised of Cu6.26Sn5 and Cu5Zn8. 
This alloying and low sulfidation may be described via the reactions 
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5Sn(s) + 6.26 Cu(s)  → Cu6.26Sn5(s)   (3.1) 
8Zn(s)  +5 Cu(s)  → Cu5Zn8(s)   (3.2)  
and 
Zn(s)  + S(g) → ZnS(s)  (3.3) 
  
The film sulfidized for  60 minutes at 300 oC is nearly completely sulfidized with 47% 
sulfur. The cation composition has also changed dramatically: [Cu/Sn] has increased 
significantly to 6 and [Cu/Zn] has increased to 3.3. While nearly all the metals have been 
sulfidized, a small fraction, of elemental Sn and Cu5Zn8 remain as determined by XRD. 
This elemental Sn is textured, and as such has been omitted from Figure 3.7, but based on 
the compositional analysis we believe elemental Sn comprises a rather small amount of 
the film. The collected XRD also shows a small shoulder remains near 2θ = 43.3o which 
we attribute to the most intense reflection for Cu5Zn8. XRD shows the presence of SnS, 
CuS, as well as diffractions that can be assigned to CZTS, Cu2SnS3 or ZnS.  These last 
three phases are indistinguishable by XRD and they are represented by the blue bar 
labelled ∑CZTS/ZnS/Cu2SnS3.9 Raman scattering confirms the presence of all three, 
though the fraction of each phase cannot be easily quantified from the Raman spectrum. 
There is also some unsulfidized Cu5Zn8 alloy remaining in the film, though the most 
intense XRD peak from Cu5Zn8 (2θ = 43.30o) overlaps with a lower intensity  peak (2θ = 
43.10o; relative intensity of 6%) from CuS. If we assume this peak is due entirely to 
Cu5Zn8, and this peak was quantified and included in Figure 3.7, its contribution would 
be too small to see at 1.6%. 
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Figure 3.8 The top panel displays the collected XRD patterns for a precursor film and films 
subsequently sulfidized for 0, 60, 240, and 480 minutes at 300 oC. The bottom panel displays the 
standard powder diffraction patterns for the various phases present within the films. 
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Figure 3.9 The top panel displays Raman spectra collected on films sulfidized for 60, 240 and 480 
minutes at 300 oC. As a Raman microscope was used, we included two spectra representative of the 
phases present within the film.  The bottom panel references expected peak locations for various 
phases for comparison. 
 
 These observations can be understood by considering the reactions that must 
occur to convert the metal precursor alloy film to the thermodynamically stable metal 
sulfides. Elemental copper, zinc and tin phases can sulfidize directly to form binary 
sulfides via  
Sn(l)+ S(g) → SnS(s)  → SnS(g)  (3.4) 
Cu(s)  + S(g) → CuS(s)  (3.5) 
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and 
Zn(s)  + S(s) → ZnS(s)  (3.3) 
In the presence of the S vapor, the copper-zinc and copper-tin alloys segregate as the 
elements comprising these alloys sulfidize. For example, the Cu6.26Sn5 alloy readily 
dissociates into Cu and Sn via 
Cu6.26Sn5(s) → 6.26Cu(s)  + 5Sn(l)  (3.6) 
 Since Sn melts at 231 oC, it is formed as a liquid and can  sulfidize via reaction 
3.4. Some of the Sn remains unsulfidized and crystallizes upon cooling to form the 
textured elemental Sn observed in the XRD. While the reported values for ∆fGSnS are 
lower than that of ∆fGCuS, the formation of CuS appears to be faster as we found no 
evidence of elemental Cu remaining alongside crystallized Sn (see Table 3.2). It should 
be noted that similar results have been reported elswhere.23  This may possibly be due to 
diffusion limitations. Within the Cu6.26.Sn5 matrix, Cu diffusion is faster.24 The Cu may 
diffuse to the surface of the film where it readily reacts with the S vapor, while Sn 
remains within the film and melts. It is widely thought that cation diffusion is much faster 
than S diffusion through sulfide mediums, so the formation of CuS and some ZnS on the 
surface may be limiting the sulfidation of Sn.  
 Similarly to the copper-tin alloy, the copper-zinc alloy dissociates via  
Cu5Zn8(s) →  5Cu(s) + 8 Zn(s)  (3.7) 
and the elemental Cu and Zn are sulfidized to form CuS and ZnS. A small amount of 
Cu5Zn8 alloy remaining in the film indicates that it does not completely dissociate within 
the 60 minutes. The Cu5Zn8 alloy does have a lower ∆fG at 300 oC compared to the 
Cu6.26Sn5 alloy, and is hence more stable. Again anion diffusion through the sulfide 
phases may also be limiting the dissociation and sulfidation of Cu5Zn8 as well.  
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 The changes in the elemental composition of the film is consistent with Zn and 
SnS intermediates which have high vapor pressures and can leave the film via  
Zn(s)  → Zn(g)  (3.8) 
and reaction  3.4. The vapor pressure of Zn at 300 oC is significant (~ 1.4 mTorr) and 
some Zn evaporates before it is converted to low vapor pressure ZnS. This evaporation is 
responsible for the rise in the Cu/Zn ratio. In most high temperature sulfidation (e.g., 500-
600 oC) treatments, the film is heated quickly through 300 oC, the temperature at which 
sulfidation and evaporation appear to be in competition to determine the Zn content in the 
film. This observation underscores the importance of the heating rates in sulfidation 
treatments. If the heating rate is slow Zn may leave the film.  
Table 3.2 Thermodynamic data for the formation of binary sulfides and alloys. 
Reaction ∆Gf (kJ/mol) @ 300 oC Reference 
2Cu + S2 (g) → 2CuS -146.02 24 
2Sn + S2 (g) → 2SnS -243.04 24 
Zn + S2(g) → 2ZnS -427.88 24 
6Cu + 5Sn → Cu6Sn5 -7.42 25 
5Cu + 8Zn → Cu5Zn8 -12.34 25 
 
 After t = 240 min at 300 oC, the S concentration reaches 50%. Remarkably the 
Cu/Sn ratio ([Cu/Sn] = 2.75), while still higher than the precursor film, is significantly 
lower than the film that was sulfidized for 60 minutes. Much of the Sn that leaves the 
film during the first 60 minutes is reincorporated into the film. The film is comprised 
entirely of sulfide phases, including SnS, CuS, ZnS, Cu2SnS3, and CZTS. In particular, 
the fraction of ZnS, Cu2SnS3, and/or CZTS has increased. This suggests that SnS from 
the vapor phase reacts with CuS to form Cu2SnS3 via  
2CuS(s) + SnS(g)  → Cu2SnS3(s)  (3.9) 
and this reaction may be in addition to the solid phase reaction 
  66 
2CuS(s) + SnS(s)  → Cu2SnS3(s)  (3.10) 
The reaction in the solid phase would shift the solid-vapor equilibrium to incorporate the 
SnS vapor into the film. It is not clear if a heterogeneous reaction takes place, or whether 
SnS condenses on the surface of the film and undergoes a solid-state reaction with CuS to 
form Cu2SnS3, or possibly both. Either way, SnS lost from the film can return to the film 
in a closed system. The Zn loss from the film after 240 minutes at 300 oC is significant: 
the Cu/Zn ratio in the sulfidized film has risen to 6.6 indicating that Zn continued to 
sublime. We infer that during the 240 minutes there was still unsulfidized Zn in the film 
and that at 300 oC Zn sublimation rate is  comparable to ZnS formation rate. The ZnS that 
does remain within the film interdiffuses with Cu2SnS3 to form CZTS via 
Cu2SnS3(s)   + ZnS(s)  → Cu2ZnSnS4(s)   (3.11) 
 Within the accuracy of the EDS, the elemental composition of the film sulfidized 
at 300 oC for t = 480 min, is similar to that of the film sulfidized for t = 240 min. The film 
is comprised entirely of sulfides, though the fraction of ∑CZTS/ZnS/Cu2SnS3 has 
increased at the expense of CuS and SnS. Increase in the ∑CZTS/ZnS/Cu2SnS3 fraction is 
attributable to solely the increase in the Cu2SnS3 phase because there is no increase in the 
amount of Zn within the film to make ZnS or CZTS. Hence after t = 240 min, the film is 
slowly converting to Cu2SnS3 via the reaction of CuS with SnS. 
 These experiments demonstrate the importance of the vapor phase composition 
over the film during sulfidation of copper-zinc-tin alloys to form CZTS. Favorable Gibbs 
energy of formation of CuS and SnS drives the dissociation Cu6.26Sn5 alloy and 
subsequent rapid sulfidation of Cu and Sn to form the binary sulfides. Moreover, there is 
not enough Cu within Cu6.26Sn5 alone to form single phase Cu2SnS3. Consequently, CuS 
and SnS remain as intermediates. The formation of significant amounts of Cu2SnS3 relies 
on the dissociation of Cu5Zn8 for more Cu, which appears to be a slower process. This 
gives ample time for a considerable amount of the SnS within the film to evaporate. 
Thus, before CZTS is formed, a majority of the Sn may be lost to the vapor phase. As 
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more CuS is formed, SnS vapor and/or solid react with CuS to form Cu2SnS3. This is the 
same mechanism in which the Sn content of an initially Sn deficient film may be 
increased by including elemental Sn in the sulfidation ampoule. This pathway is the 
reason behind the self-regulating nature of Sn: Sn concentration in the film is governed 
by the availability of CuS to form Cu2SnS3.  
 Previous experiments hypothesized that the Sn loss from the films occurs after 
CZTS formation and as a consequence of decomposition via 
2Cu2ZnSnS4 ⇔ 2Cu2S + 2ZnS + 2SnS + S2 
In contrast, our experiments show that that Sn loss as well as incorporation into the film 
occurs during the formation of CZTS. The sulfur pressure in our closed system at 600 oC 
is ~36 Torr, well above the necessary partial pressure for CZTS stability.10 If this reaction 
were to take place in an open system, or a poorly controlled pseudo-open system, the film 
would be unable to recover from the initial Sn loss via the mechanisms described in this 
article. 
3.4 Conclusion 
 During synthesis of CZTS films by ex situ sulfidation of Cu-Zn-Sn alloy films in 
closed systems, the final Sn content is self regulating. If the metal precursor film is Sn 
rich, the Sn concentration decreases until [Cu/Sn] becomes ~ 2. If the metal precursor 
film is Sn deficient, the Sn concentration can be increased by including  elemental Sn in 
the sulfidation ampoule. Elemental Sn readily sulfidizes to generate SnS vapor which is 
incorporated into the film until the Cu/Sn ratio becomes ~ 2. Material loss from Sn rich 
precursor alloy films result in CZTS films with voids. while sulfidation of Sn-poor 
precursor films with Sn in the sulfidation ampoule eliminates the voids and lead to 
compact CZTS films. A detailed investigation of the time dependence of sulfidation at 
300 oC showed that SnS is lost from the film during the formation of CZTS, not as a 
result of its decomposition. A significant fraction of the Sn can evaporate from the 
precursor film as SnS, but is reincorporated via reactions with CuS to form Cu2SnS3. This 
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mechanism is the reason why Sn can be added to Sn deficient films through the vapor 
phase. 
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Chapter 4  
Alkali-metal-enhanced grain growth in Cu2ZnSnS4 thin films 
 
This was previously published as: Johnson, M.; Baryshev, S. V.; Thimsen, E.; Manno, 
M.; Zhang, X.; Veryovkin, I. V.; Leighton C.; Aydil, E. S. (2014). Alkali-metal-enhanced 
grain growth in Cu2ZnSnS4 thin films. Energy & Environmental Science, 7(6), 1931. 
doi:10.1039/c3ee44130j - Reproduced by permission of The Royal Society of 
Chemistry 
4.1 Introduction 
 Copper zinc tin sulphide, copper zinc tin selenide and their alloys 
[Cu2ZnSn(S,Se)4 commonly abbreviated as CZTS] are sustainable alternatives to copper 
indium gallium selenide (CIGS) and CdTe as the light absorbing material in thin film 
solar cells.1-3 The highest efficiency CZTS solar cells are almost always grown on Mo-
coated soda lime glass (SLG). This substrate choice is based on three-decades of 
collective experience with CIGS solar cells, where it was shown that Na readily diffuses 
from the SLG, through the Mo back contact layer, into the CIGS, thereby increasing the 
power conversion efficiency.4-9 While the precise mechanisms and fundamental origin of 
this efficiency enhancement are still debated, it is clear that Na somehow affects the 
microstructure and carrier concentrations in the CIGS films. To date, very few 
investigations have focused on precisely how Na influences the microstructure and 
electronic properties of CZTS. Prabhakar et al.10 and Hliang Oo et al.11 have observed 
that growing CZTS on SLG or treating a precursor film with an aqueous solution of Na2S 
before sulfidation lead to large grains, and Li et al.12 demonstrated that co-evaporating 
CZTS onto substrates containing Na led to higher hole concentrations, increased carrier 
mobilities, and improved solar cell efficiencies. In fact, SLG hosts numerous impurities 
in addition to Na including K, Ca, Mg, and Al. To our knowledge, the effects of each of 
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these impurities on the microstructure and electronic properties of CZTS films have not 
been studied systematically.  
 Perhaps one of the reasons why there has been little research into the individual 
effects of the impurity atoms in CZTS is that there are few convenient and controllable 
methods of delivering impurities to the film.  While Li et al. evaporated layers of NaF 
onto the CZTS film to introduce additional impurities, this controllable method requires 
an evaporation system. The method of dipping a precursor film into an Na2S solution, as 
proposed by Hliang Oo et al.,is an arguably convenient method, though it is not entirely 
controllable.   
 Herein we present an investigation of the effect of each of the impurities present 
in SLG on the microstructure of thin CZTS films synthesized through sulfidation of co-
sputtered Cu-Zn-Sn alloy films. This investigation revealed that while numerous 
impurities in SLG can diffuse into the CZTS films, only Na and K diffusion affects the 
film morphology. Surprisingly, we also found that impurities can be transported through 
the vapor phase to CZTS films on a variety of substrates from a piece of SLG placed near 
the films within the sulfidation vessel. Based on this vapor transport mechanism, we 
developed an approach for delivering precisely controlled amounts of specific impurities 
into CZTS films on arbitrary substrates. We believe that this approach will assist the 
development of high efficiency CZTS solar cells on substrates other than SLG. 
 
4.2 Experimental 
 CZTS films were synthesized via ex situ sulfidation of 430 nm thick Cu-Zn-Sn 
alloy films. The metallic precursor films were co-sputtered from Cu/Zn (35 at% Cu) and 
Cu/Sn (60 at% Cu) targets at 10 mTorr using Ar as the working gas with a chamber base 
pressure of 2×10-7 Torr. Precursor films were deposited on SLG, 7740 Corning glass 
(Pyrex), and z-cut crystalline quartz substrates. Compared to SLG and Pyrex, the quartz 
substrate is of very high purity and was chosen as a control substrate. The elemental 
compositions of the SLG and Pyrex substrates were determined using inductively 
coupled plasma mass spectrometry (ICP-MS) and are presented in Table 4.1. In addition 
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to Si and O, SLG and Pyrex host a variety of impurities. Within SLG the most prevalent 
impurity is Na, comprising nearly 9 at% of the glass, followed by Ca and Mg at 4.4 and 
3.4 at% respectively, as well as very small amounts of K. Pyrex has a decidedly lower 
impurity content, with B and Na making up 3.9 at% and 2.6 at% of the glass, 
respectively. 
 
Table 4.1 Typical elemental composition of SLG and Pyrex substrates as determined from ICP-MS. 
Element SLG 
(%) 
Pyrex 
(%) 
Element SLG 
(%) 
Pyrex 
(%) 
Al 0.25 0.52 Na 9.0 2.64 
B 0 3.85 P 0.002 0 
Ba 0.001 <10-3 Si 23.4 28.2 
Ca 4.36 0.15 Sr 0.001 <10-4 
Fe 0.01 0.006 Ti 0.011 0.003 
K 0.07 0.008 Zr <10-3 0.013 
Mg 3.41 0.004 O 59.5 64.5 
Mn 0.01 <10-3    
 
 Following deposition, the Cu-Zn-Sn precursor films were sealed in an evacuated 
quartz ampoule (base pressure of 10-6 Torr) with ~ 1 mg of solid S. This ampoule, 
containing the film and S, was placed in a box furnace and heated at a rate of 6.5 oC/min 
to 600 oC. The precursor films were sulfidized isothermally at 600 oC for 8 hours before 
cooling the ampoule back to room temperature naturally. Upon sulfidation, 430 nm thin 
Cu-Zn-Sn precursor films were transformed into ~2.2 µm thick CZTS films. The films 
were removed by breaking the ampoules and characterized using a battery of methods 
including x-ray diffraction (XRD), confocal Raman scattering microscopy, scanning 
electron microscopy (SEM), and energy dispersive x-ray spectroscopy (EDS). 
Specifically, XRD patterns of sulfidized films were collected using a Bruker D8 Discover 
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system equipped with a Cu Kα x-ray source, 0.8 mm beam collimator, and a Hi-Star 2D 
area detector. Raman spectra were collected at room temperature using a WiTec 
alpha300R confocal Raman microscope equipped with a UHTS300 spectrometer and a 
DV401 CCD detector, and the films were illuminated with an Omnichrome Ar ion laser 
(514.5 nm, ~300 nm beam spot size). Raman scattering was collected in a backscattering 
geometry and dispersed with an 1800 lines/mm grating, resulting in a spectral resolution 
of 0.02 cm-1. The morphology and spatially averaged elemental composition of the 
sulfidized films were examined using a JEOL 6500 SEM equipped with a Thermo-Noran 
Vantage EDS detector. The electron energy was set at 15 keV both for imaging and EDS 
measurements. At this energy the EDS probe depth is estimated to be near 2 µm, ensuring 
that the entire depth of the sulfidized films was examined. The average grain size of the 
CZTS films was determined from SEM images by averaging the number of grains along 
randomly chosen lines. At least 100 grains were sampled for each film. 
 The intentional introduction of Na, K, and Ca was performed by coating the 
quartz tubes with aqueous solutions of NaOH, KOH, and Ca(OH)2. The NaOH solution 
was diluted from a purchased stock solution, while KOH and Ca(OH)2 solutions were 
made by dissolving solid KOH and Ca(OH)2 in DI water. The solutions were all of 
known molarity so a measured volume had a known quantity of NaOH, KOH, or 
Ca(OH)2. Typically ~ 1 mL of solution was added to the quartz tube, and the tube was 
then allowed to dry vertically in a convection oven heated to 100 oC. Once the tube was 
dried, the precursor film and S were loaded and the sulfidation proceeded normally. 
4.2.1 Detailed SIMS Description 
 Time-of-flight secondary ion mass spectrometry (TOF SIMS) depth profiling was 
conducted in single-beam mode in SARISA,13, 14 a custom designed analytical instrument 
capable of operating as a laser post-ionization secondary neutral mass spectrometer (LPI 
SNMS) and as TOF SIMS. The 10 keV Ar+ beam was used in a sequence of alternating 
cycles, that consisted of milling in a direct-current (dc) raster-scanned mode followed by 
elemental TOF SIMS analysis in a pulsed mode without raster scanning. The Ar+ ion 
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beam was produced by an Atomika WF421 ion gun equipped with a Wien filter, two 
pairs of electrostatic deflectors for scanning, and another pair for pulsing. The ion gun 
was pointed at the sample at 60° from the sample surface normal. Pulse duration was set 
to 200 ns, the shortest duration possible with SARISA’s pulsing electronics. Even though 
200 ns pulse may result in decreased mass resolution in most TOF SIMS instruments, this 
was not the case in SARISA, which was designed to operate with long primary ion pulses 
(≈ 1µs, typical for LPI SNMS) and maintain high mass resolving power.15 When 
performing sputter depth profiling analysis with primary ions of inert gases, a long 
primary ion pulse was followed with delayed extraction of secondary ions thus enabling 
high sensitivity to secondary ions such as O+ and S+. A 500×500 µm2 surface area was 
ion milled in the raster-scanned mode. Elemental composition information was collected 
from a ≈30 µm spot in the center of the 500×500 µm2 crater. This estimate of the 
analytical spot size (30 µm) corresponds to the width of the Gaussian-shaped ion beam 
profile close to its base. The analytical beam size (at 10 keV energy and 60 nA dc 
current) was found to have a symmetric Gaussian distribution with a FWHM of ~15 µm 
by burning dents in silicon and profiling the dents using white light interferometry 
(WLI).16 Including the primary ions within the tails of the analytical beam profile 
averages the secondary ion intensity over a larger area and across many CZTS grains. 
Averaging over a 30 µm spot was necessary because CZTS grains were several microns 
in some films. The size of the beam was controlled in situ using a Schwarzschild type 
microscope and measured before and after depth profiling.17 WLI was also used to 
measure some of the craters within the CZTS films after depth profiling to confirm both 
the lateral size and depth of the crater from which material was removed. All profiles 
were measured with a 60 nA dc current beam, a current high enough to mill through a ~2 
µm thick sample in a reasonable amount of time and to have sufficient dynamic range for 
detecting secondary ion species within broad mass range (from 10B to 122Sn). The ion 
beam current was measured in situ by a custom graphite Faraday cup consisting of an 
internal pin (60°, 250 µm diameter inlet hole) and the external surface. This design 
provides coarse control over the ion beam focusing conditions by measuring internal and 
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external components of the ion current. The Faraday cup could be positioned accurately 
and reproducibly at the same location as the sample surface with respect to the ion optics 
of the mass spectrometer and the Atomika ion gun. Each film was depth profiled at least 
twice at different locations to ensure the reproducibility of the results. 
 
4.2.2 Description of Quantification of the impurity concentrations using 
Saha-Eggert analysis 
The Na, K and Ca SIMS intensities were converted to their respective atomic 
concentrations, using the Saha-Eggert approach. The Saha-Eggert method does not 
require calibration standards. Instead, it relies on the correlation between the secondary 
ion yields and the ionization potentials of elements to quantify trace amounts of low 
concentration species (e.g., impurities) with respect to the composition of a host matrix 
with known stoichiometry (e.g., Cu2ZnSnS4). It was first introduced for SIMS analysis 
with oxygen as the primary ions17 and expanded later to SIMS analysis with Ar ions.18 
Central to this analysis is the Saha-Eggert ionization plot which correlates the SIMS 
intensity of an element i to its ionization potential, Ipi, by assuming that its secondary ion 
emission yield, γi, from a multinary solid host is given by 
γ i ∝ exp −
Ipi −δε
kT
 
 
 
 
 
 
        (4.1) 
where k is the Boltzmann’s constant, T is the temperature and δε is an adjustable 
parameter that accounts for the work function and the lowering of energy barriers on the 
surface due to plasma effects. Assuming the SIMS intensity to be proportional to the 
secondary ion yield and the atomic concentration of species i, i.e.,  
Si ∝ γ ixi,      (4.2) 
a semi-logarithmic plot of the weighted SIMS intensity, Si/xi, vs. the ionization potential, 
Ipi should be linear. Such a line can be generated from the known stoichiometry of the 
host (e.g., Cu, Zn, Sn and S concentrations in CZTS) and then used to infer the unknown 
concentrations of impurities. For example, Figure S1 shows this Saha-Eggert plot for 
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CZTS. Figure 4.1 was generated by plotting, the SIMS intensities of Cu, Zn, Sn and S 
divided by their concentrations as measured by EDS (Table 4.2) versus their respective 
ionization potentials. The dotted line is the best fit to the data and represents the 
dependence expected from equation 1. Intensity of any other impurity element lying on 
the dotted line would mean that its relative concentration is on the order of the four 
matrix elements, i.e. ≈10 at%. Thus, the atomic concentration of an impurity, i, can be 
calculated from  
x i =
Si
(S / x) Ipi
,      (43) 
where Si is the measured SIMS signal intensity and (S / x) Ipi  is the value of the weighted 
SIMS signal intensity at the ionization potential of the species i, on the dashed line in 
Figure 4.1.  
 To estimate the concentration levels of various impurities, we used the averaged 
SIMS intensities below d/do ≤ 0.4. For example, Si+  SIMS intensity of ~0.1 corresponds 
to ~1 at. % Si within the film, approximately the same as that obtained, independently 
and reproducibly, from EDS measurements. The ionization potential for Si is in the range 
covered by the ionization potentials of Cu, Zn, Sn and S. However, an extrapolation is 
necessary for K, Na and Ca. The average (between the surface and d/do ≤ 0.4) atomic 
concentrations of Si, Na, K, and Ca in the CZTS films synthesized on various substrates 
were calculated and the results are listed in Table 4.3. 
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Figure 4.1The Saha-Eggert semi-log plot for the CZTS films. Red solid line is the fit to the data for 
Cu, Zn, Sn and S, Red dashed line is extrapolation of this line to the region of the ionization 
potentials for Ca, K and Na. 
4.3 Results and Discussion 
 A detailed study of the evolution of microstructure in films deposited on different 
substrates revealed a significant surprise. Specifically, we found overwhelming evidence 
that impurities from the SLG have a remarkable effect on the final grain size. Figure 4.2 
shows plan-view (top row, a, c & g) and cross-sectional (bottom row, b, d & h) SEM 
images of CZTS films synthesized on SLG (a & b), quartz (c & d), and Pyrex (g & h). A 
comparison between these SEM images reveals the striking difference in their 
microstructure. All these films were synthesized under identical conditions, and XRD and 
Raman spectroscopy indicate that they are all nominally stoichiometric CZTS (vide 
infra).  
  
Figure 4.2 Plan-view (a, c, e, g & i) and cross
films synthesized through sulfidation at 600 
synthesis of films shown in e & f an uncoated piece of SLG wa
with the Cu-Zn-Sn films on quartz. 
uncoated piece of SLG was placed in the sulfidation ampoule wi
 
The CZTS film synthesized on SLG is continuous with an average grain size of 1.38 ± 
0.15 µm. Essentially, this film is comprised of a monolayer of micrometer size CZTS 
grains, a highly desirable microstructure for solar cel
synthesized on quartz and Pyrex have significantly smaller grains. In fact, when viewed 
from the top, individual grains are not even clearly distinguishable. Cross
images (Figures 4.2d and 4.2
bilayer structure with grains that do not extend through the entire depth of the film: 
multiple layers of small grains are visible through the film thickness. In the film on 
Pyrex, the layer adjacent to the substrate ha
an average grain size of 0.47 ± 0.05 
substrate) has an average grain size of 0.35 ± 0.03 
visible in films synthesized on quartz. The layer nearest the substrate in the film on quartz 
has an average grain size of 0.34 ± 0.07 
size 0.31 ± 0.04 µm. 
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-sectional view (b, d, f, h & j) SEM images of CZTS 
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-sectional SEM 
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 These differences in microstructure could be due to differences in substrate 
crystallinity, thermal expansion coefficients, or impurity concentrations in the various 
substrates. To clarify the origins of these differences, we conducted experiments on 
various substrates to evaluate these possibilities and have concluded categorically that the 
differences in microstructure and grain size are due to impurities diffusing into the CZTS 
from the substrate. Firstly, the microstructure of CZTS films found on single crystal 
quartz is similar to that grown on fused amorphous quartz, which rules out effects due to 
crystallinity. Secondly, Pyrex and SLG have similar thermal expansion coefficients but 
the microstructures of CZTS grown on Pyrex and SLG are very different. Finally, two 
additional experiments, the results of which are also shown in Figure 4.2, provide 
unambiguous evidence that impurities are responsible for the larger CZTS grains 
observed on SLG. In the first of these experiments, identical Cu-Zn-Sn precursor films on 
quartz were sulfidized with (Figure 4.2 e & f) and without (Figure 4.2 c & d) a bare piece 
of SLG placed in the sulfidation ampoule. The SLG was placed in close proximity to the 
precursor metal film but the two pieces were not in direct contact. Remarkably, the grain 
sizes in CZTS films sulfidized on quartz with this additional piece of SLG in the ampoule 
are dramatically larger (1.22 ± 0.16 µm, see Figure 4.2 e & f) than the grain sizes (~ 0.3 
µm) in CZTS films sulfidized without the SLG in the ampoule (Figures 4.2 c & d). A 
similar result is obtained when comparing Cu-Zn-Sn films deposited on Pyrex (Figures 
4.2 g & h) to CZTS films synthesized on Pyrex with SLG in the ampoule (Figure 4.2 i & 
j). A greater than two-fold increase in the average grain size on Pyrex was observed, from 
~ 0.40 µm to 0.92 ± 0.08 µm, when a piece of SLG was present in the ampoule. Rather 
surprisingly, it appears that impurities are transported from the SLG substrate placed in 
proximity to the precursor film, through the vapor phase, to the CZTS film, where they 
enhance grain growth.  
 With the exception of the film on SLG, the CZTS films appear to be “phase-pure” 
within the limits of detection for XRD and Raman spectroscopy. Figure 4.3 reveals that 
XRD patterns collected from all the films are consistent with CZTS. The presence of the 
three CZTS diffraction peaks19 at 37.0° [(202)], 37.9° [(211)], and 44.9° [(105) and 
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(213)], which are absent in ZnS and very weak in tetragonal Cu2SnS3, confirm the 
presence of CZTS. Interestingly, XRD pattern of CZTS synthesized on SLG also includes 
weak diffraction peaks at 29.0°, 26.4°, and 19.2°, matching the strongest peak locations 
of Cu39S28 (605), Na2S5 (012), and NaCu5S3 (101), respectively. These phases do not 
constitute a significant fraction of the sample volume however as their minor diffraction 
peaks are absent from the XRD pattern. Indeed, we observed infrequent but large grains 
(~ 10 µm in size) of impurity phases in plan-view and cross sectional SEM images. These 
impurity phases appeared to be limited to the surface of the CZTS films, and EDS 
analysis revealed they contained Na, Cu, S, and Sn, but always lacked Zn. 
 The Raman spectra from the films displayed in Figure 4.2 are shown in Figure 
4.4. The major CZTS Raman peak 20,21 between 333 cm-1 and 338 cm-1 is present in all 
the spectra and is accompanied by a broad weaker scattering feature at 288 cm-1 that is 
also characteristic of CZTS films.  
 
Figure 4.3 XRD from films sulfidized on SLG, Pyrex and quartz  (top panel) at 600 oC. The bottom 
panels show the expected powder diffraction patterns from CZTS and the secondary impurity phases 
(Cu39S28, NaCu5S3, and Na2S5) encountered in the films for comparison. Q+SLG and P+SLG 
indicate the films that were synthesized on quartz and Pyrex, respectively, with a bare piece of SLG 
present in the sulfidation ampoule. 
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 No other peaks were detected from films synthesized on quartz and Pyrex 
regardless of whether a bare piece of SLG was present or absent in the ampoule. In 
contrast, Raman spectra, from films synthesized on SLG, revealed regions with intense 
scattering at 297 cm-1 (Figure 4.4, spectrum labeled SLG II).  These regions corresponded 
to the impurity phases observed with XRD, SEM and EDS. Raman scattering from 
Cu39S28 and Na2S5 are expected at 474 cm-1 and 446 cm-1, respectively.22,23 To our 
knowledge, there is no published Raman scattering data on NaCu5S3. Thus, a possible 
assignment for the Raman scattering at 297 cm-1 is NaCu5S3. The presence of the Na 
containing impurity phases in films synthesized on SLG is likely due to higher 
concentrations of Na present in SLG compared to Pyrex and quartz. It is important to 
note that the films here are synthesized directly on SLG, without a Mo layer. In typical 
solar cell fabrication, a Mo layer is deposited on SLG as an electrical back contact, which 
slows and mediates Na diffusion. Lower Na concentrations in films synthesized on Mo-
coated SLG compared to films synthesized directly on SLG may be the reason why these 
impurity phases have not been detected previously. 
  
Figure 4.4 (a) Raman spectra from two different regions of the CZTS film synthesized on SLG. The 
spectrum labeled SLG (I) is representative of the majority of the film, while the spectrum labelled
SLG (II) was collected from a location on the film where an impurit
(b) and (c) show representative Raman spectra from CZTS films synthesized on  (b) Pyrex (P) and (c) 
quartz (Q), with (P+SLG, Q+SLG) and without (P, Q) a b
ampoule. 
 
 Table 4.2 lists the elemental compositions of the CZTS films as determined 
through EDS. Concentrations of impurities (
accessible with EDS. Moreover, even for the high
proximity of its Kα peak (1.041 keV) to the 
compositional quantification difficult and inaccurate.
 In order to monitor impurity concentrations below EDS detection limits, we used 
TOF-SIMS to map the impurity concentration as a function of depth in the CZTS films. 
During TOF-SIMS measurements, complete mass spectra were recorded at each depth 
revealing the presence of Na, K, Ca, Mg, B, and Si, albeit at different concentrations.
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Table 4.2 The elemental composition, as determined by EDS, of CZTS films synthesized on (SLG), 
Pyrex (P) and Quartz (Q) with (P+SLG, Q+SLG) and without (P, Q) an additional piece of bare SLG 
present in the sulfidation ampoule. 
Substrate Cu(%) Zn(%) Sn(%) S(%) 
SLG 25 11 14 50 
P 28 11 13 48 
Q 27 11 14 48 
P+SLG 27 11 14 48 
Q+SLG 27 13 13 47 
     
 
 Figure 4.5 shows the profiles of Na, K, Ca, Mg, B, and Si as a function of 
normalized depth for all CZTS films displayed in Figure 4.2. The TOF-SIMS intensity 
for each element is proportional to its local concentration in the film and, hereafter, SIMS 
intensity and concentration are used interchangeably. We estimated the absolute Na, K, 
Ca and Si concentrations in the films from the SIMS intensities using the Saha-Eggert 
approach. Table 4.3 shows the Na, K, Ca and Si concentrations determined from the 
average SIMS intensities between the surface and d/do=0.4, where d/do is the normalized 
film depth. The film thickness, do, was determined from cross-sectional SEM images (i.e. 
Figure 4.2). The location of the CZTS-substrate interface was determined from the 
significant charging that takes place when the glass substrate is exposed to the sputtering 
beam and from the ensuing precipitous drop in SIMS intensities. This location 
corresponds to the normalized depth of d/do = 1 in Figure 4.5. The concentrations of Cu, 
Zn, Sn, and S, the major components of the CZTS film, were nearly identical to each 
other and were uniform throughout the films’ depth, shown in Figure 4.6 
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Figure 4.5The TOF-SIMS depth profiles for Na, K, Ca, Mg, B and Si in CZTS films synthesized on 
soda lime glass (SLG), Pyrex (P) and quartz (Q), with (P+SLG, Q+SLG) and without (P, Q) a bare 
SLG present in the sulfidation ampoule. The SIMS intensity is shown in per primary ion pulse. 
 
 The CZTS film synthesized on quartz acts as a control sample for TOF-SIMS 
characterization since quartz does not contain any of the impurities present in SLG and 
Pyrex. The impurity levels detected in CZTS films synthesized on quartz thus form the 
baseline for the TOF-SIMS data collected from films on other substrates. Indeed, for B 
and Mg, the TOF-SIMS intensities are at the noise level of the instrument. However, we 
detect Na, K and Ca even in films synthesized on quartz. These elements are ubiquitous 
and can be incorporated into the CZTS films during any of the steps in the synthesis 
process. Using the Saha-Eggert method, we calculated that Na, K, and Ca concentrations 
are 3x10-3, 3x10-4, and 2x10-3 at%, respectively. The Si TOF-SIMS intensity begins to 
increase at d/do  ≈ 0.4 for all films due to partial exposure of the substrate to the TOF-
SIMS probing beam. This is likely due to a combination of surface roughness and voids 
within the film, which may be further exacerbated by ion bombardment. Moreover, 
during the analysis of films synthesized on Pyrex, the depth at which the Si intensity 
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begins to increase is identical to the depth at which the B intensity begins to rise. This is 
strong evidence that this rise is due to the onset of direct substrate probing by the TOF-
SIMS analysis ion beam. Indeed, top view SEM images show that the substrate may be 
exposed through small voids between the grains. 
 
Table 4.3The elemental composition, determined from SIMS intensities and Saha-Eggert analysis, of 
CZTS films synthesized on (SLG), Pyrex (P) and Quartz (Q) with (P+SLG, Q+SLG) and without (P, 
Q) an additional piece of bare SLG present in the sulfidation ampoule. 
Substrate Na(%) K(%) Ca(%) Si(%) 
SLG >4 5×10-3 6×10-2 1 
P 3×10-1 1×10-3 2×10-3 1 
Q 3×10-3 3×10-4 2×10-3 2 
P+SLG 1×10-1 6×10-4 5×10-3 5×10-1 
Q+SLG 2×10-1 8×10-3 2×10-2 2 
 
 
  The Na, K, Ca and Mg concentrations in the CZTS film synthesized on SLG were 
two to four orders of magnitude higher than those in films synthesized on quartz. Clearly, 
Na, K, Ca and Mg from SLG easily diffuse into the CZTS films, some of which are 
responsible for the enhanced grain growth on SLG. In fact, the relative atomic 
composition of Na is greater than 4 at%, while K and Ca compose 5x10-3 and 6x10-2 at% 
of the film respectively. The significant amount of Na is not entirely surprising since Na 
containing secondary phases were observed on the surface of this film by EDS and by 
XRD. The shape of the concentration profile is consistent with the substrate acting as a 
source for these impurities, with some of the concentration rise after d/do ≈ 0.4 caused by 
the substrate becoming exposed to the probing ion beam through the voids between the 
grains.  
 The TOF-SIMS concentration profiles of Na, Ca, Mg, and K in CZTS films 
synthesized on Pyrex are similar to those in films synthesized on SLG, but the SIMS 
intensities from films on Pyrex are reduced by an amount commensurate with the lower 
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impurity levels found in Pyrex by ICP-MS. The relative percentage of Na, K, and Ca are 
3x10-1, 1x10-3, and 2x10-3 at%, respectively. These numbers are considerably higher than 
those for the CZTS film on quartz. Boron is ruled out as an impurity that can affect the 
grain size, as the grain sizes of CZTS on Pyrex are small despite the fact that the B 
concentration is highest in films grown on Pyrex. Additionally, the largest grains are 
observed on SLG, which contains essentially no B compared to Pyrex. 
 
Figure 4.6 The SIMS intensity depth profiles for Cu, Zn, Sn and S in CZTS films synthesized on soda 
lime glass (SLG), Pyrex (P) and quartz (Q), with (P+SLG, Q+SLG) and without (P, Q) a bare SLG 
present in the sulfidation ampoule. 
 
 The CZTS films sulfidized on quartz with an additional piece of bare SLG in the 
ampoule show significantly elevated concentrations of Na, K and Ca as compared to the 
CZTS films sulfidized on quartz without the SLG. This remarkable observation confirms 
that Na, K and Ca are transported via the vapor phase from the SLG to the CZTS film on 
quartz. In fact, K and Ca concentrations in the film synthesized on quartz with the 
additional piece of SLG are nearly as high as those in the film synthesized directly on 
SLG (Table 4.3). The Na concentrations in the film synthesized on quartz with SLG in 
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the ampoule falls between the Na levels in films synthesized on quartz and on SLG. The 
Saha-Eggert analysis shows that Na, K, and Ca now make up 2x10-1, 8x10-3 and 2x10-3 
at% of the film respectively. The grain size in films synthesized on quartz with SLG in 
the ampoule (1.22 ± 0.16 µm) is nearly as large as that in films synthesized on SLG (1.38 
± 0.15 µm) even though the Na concentration in the former is more than one order of 
magnitude lower than in the latter. This indicates that even very small amounts of 
impurities may be effective in enhancing grain growth. The concentration profiles of Na, 
K and Mg are also nearly flat, which is consistent with these impurities incorporating into 
the film uniformly from the vapor phase during sulfidation.  
 With the exception of a few subtle differences, the Na, K, Ca and Mg 
concentration profiles in the CZTS film sulfidized on Pyrex with an additional piece of 
bare SLG in the ampoule are very similar to those in the film sulfidized without the SLG. 
The subtle differences, however, give important insights. First, the Na and K 
concentration in the film grown on Pyrex without SLG in the ampoule is slightly larger 
(≈2×) than the Na and K concentration in the film grown with the SLG. This is 
unexpected since SLG provides an additional source of Na and K. Careful examination of 
Figures 4.2h and 4.2j shows that the average grain size in the film grown with SLG in the 
ampoule (0.92 ± 0.08 µm) is larger than the grain size in the film grown without the SLG 
(0.47 ± 0.05 µm). This suggests that Na and K may be in the grain boundaries, as a lower 
Na and K concentration would be expected in the film with the larger grains. Indeed, it is 
well known that Na in CIGS segregates to grain boundaries.26-28 We also note that high 
levels of Na and K within the film do not necessarily correlate with a coarse-grained 
microstructure, but it is rather the concentration of Na and K that the film is exposed to 
during sulfidation that leads to the large grained microstructure. Indeed, the film grown 
with SLG in the ampoule is clearly exposed to higher impurity concentrations than the 
film sulfidized without SLG. The increased grain size near the substrate in films on Pyrex 
sulfidized without SLG also supports this conclusion, as the local concentration of 
impurities is highest near the substrate-film interface.  Furthermore, we can rule out Mg 
as the impurity responsible for enhancing the grain growth. The Mg concentration in the 
  
film synthesized on quartz with SLG in the ampoule is barely above the noise leve
(similar to the films grown on Pyrex with or without the additional SLG in the ampoule), 
and yet the average grain sizes in these films are very different.
 In summary, three important conclusions emerge from the experiments discussed 
so far. First, Na, K, and/or Ca from SLG diffuse into CZTS films and enhance grain 
growth. Second, the impurities in SLG, particularly Na, K and Ca, are volatilized at 600 
oC in a S atmosphere and are transported 
proximity. Third, the concentration
diffusion from the substrate or from the vapor phase) determines the amount of grain 
growth, rather than the amount of Na or K within a film itself. 
 
Figure 4.7 Plan view and cross sectional SEM images of CZTS films synthesized on quartz at 600 
with (a & b) 1 µmole NaOH, (c & d) 0.1 
the sulfidation ampoule. Same scale bar applies for all plan view and
respectively. 
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 Inspired by the finding that alkali and alkaline earth metals in SLG can be 
volatilized and transported through the vapor phase, we developed a controlled method to 
introduce these impurities into CZTS films during sulfidation. Specifically, we 
introduced Na, K and Ca into CZTS films, one species at a time, by coating the inner 
walls of the ampoules used for sulfidation with dilute aqueous solutions of NaOH, KOH 
or Ca(OH)2 (more details may be found in the experimental section). We varied the 
amounts of Na, K and Ca charged into the sulfidation ampoule over several orders of 
magnitude. The ranges tested included 95 µmol to 0.006 µmol of NaOH, 50 µmol to 
0.003 µmol of KOH, and 50 µmol to 0.04 µmol of Ca(OH)2.  Using this approach, CZTS 
films were synthesized by sulfidizing Cu-Zn-Sn precursor films on quartz. Indeed, even 
when small amounts of Na and K were included in the sulfidation ampoule, the grains 
grew to sizes as large as those observed in films synthesized on SLG. Figures 4.7a, 4.7b, 
and 4.7c show the SEM images of CZTS films synthesized with 1 µmol NaOH, 0.1 µmol 
of KOH, and 50 µmol of Ca(OH)2 charged into the sulfidation ampoule, respectively. The 
X-ray diffraction and Raman spectra collected from these films may be found in Figures 
4.8 and 4.9 respectively. 
 
Figure 4.8 XRD from films sulfidized on quartz at 600 oC in an ampoule whose inside walls were 
coated with 50 µmol of Ca(OH)2, 0.1 µmol of KOH, and 1 µmol of NaOH (top panel). The bottom 
panel shows the expected powder diffraction patterns from CZTS. All samples were grown on 
quartz, however nominally impurity free quartz was used for the KOH sample. This is the cause of 
the amorphous background between 2θ = 20 and 30o 
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Figure 4.9 Raman spectra collected from films sulfidized on quartz at 600 oC in an ampoule whose 
inside walls were coated with 50 µmol of Ca(OH)2, 0.1 µmol of KOH, and 1 µmol of NaOH (top 
panel). The most intense peak, near 334 cm-1, is consistent with CZTS. 
 
 Remarkably, the addition of 1 µmol of NaOH or 0.1 µmol of KOH in the 
sulfidation ampoule resulted in CZTS films with an average grain size of 1.26 ± 0.10 µm 
or 1.31 ± 0.18 µm, respectively. If the charge of NaOH or KOH was too high, the film 
was no longer continuous and Na and K containing impurity phases dominated the film, 
shown in Figure 4.10. Conversely, if the NaOH and KOH charges were too small, no 
enhanced grain growth was observed. While the volatile species that transport Na and K 
to the CZTS film is not known at this time, the vapor pressures of NaOH and KOH are 
very similar (66.5 and 84.9 mTorr, respectively, at 600 °C), and we thus do not expect 
this vapor pressure difference could lead to the 10 fold difference in the amounts required 
to achieve ≈1.3 µm grains. It appears that K is more efficient in enhancing the CZTS 
grain growth than Na in terms of impurity charge loading. Note that we did not observe 
any significant grain growth enhancement with Ca, even though we varied the amount of 
Ca charged into the sulfidation ampoule between 0.04 µmol and 50 µmol. 
  
Figure 4.10 SEM images of films sulfidized on quartz at 600 
were coated with different concentrations of NaOH and KOH. The moles of NaOH or KOH charged 
into the ampoule is shown in the upper right corner of each image. The films
were comprised of many discontinuous large grains of CZTS along with large domains (10 
of impurity phases containing Na and K respectively.
 
 These findings raise an obvious qu
grain growth? One obvious possibility is that Na and K may segregate to grain 
boundaries where they act as fluxing agents that locally lower the melting point. Such 
lowering of the melting point at the grain bou
cations, and therefore accelerate grain growth. Another possibility is that Na
containing impurity phases may be acting as intermediates for CZTS formation, thereby 
accelerating grain growth. The detection 
synthesized with high Na and K concentrations in the sulfidation ampoule suggests that 
such phases may exist in small amounts during sulfidation, even when the Na and K 
concentrations are low. These phases are 
may act as high mobility channels for transporting cations from small grains to larger 
ones during grain growth. Another possibility is that Na and K segregation to the grain 
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boundaries and surfaces alters the surface energy of the CZTS grains making grain 
growth significantly more energetically favorable. Ineffectiveness of Ca in grain growth 
enhancement, with the +2 oxidation state as compared to Na and K in the +1 oxidation 
state, could well be an important observation in this regard. Clearly, elucidating the 
mechanism of alkali-metal enhanced grain growth remains a challenge and will likely 
require a careful in situ investigation of the grain boundaries and surfaces during growth. 
4.4 Conclusions 
 We studied the composition and microstructure of CZTS films synthesized on 
soda lime glass, Pyrex and quartz  through sulfidation of co-sputtered Cu-Zn-Sn metal 
alloy precursor films. We found that Na and K diffusing from soda lime glass and Pyrex 
enhanced grain growth during the synthesis of CZTS films. CZTS films with large grains 
(>1 µm) could also be synthesized through vapor transport of Na and K from an uncoated 
piece of SLG placed inside the sulfidation ampoule. Inspired by this observation, we 
developed a method for delivering precisely controlled amounts of Na, K, and other 
alkali and group II metals to CZTS films during their synthesis. Using this method, we 
studied and delineated the effects of Na, K and Ca on the microstructure of CZTS films 
synthesized through sulfidation of Cu-Zn-Sn films. Even 1 µmol of Na was enough to 
enhance grain growth, and, remarkably, an order of magnitude less K (i.e. 0.1 µmol of K) 
achieved similar grain sizes.  
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Chapter 5  
The influence of stoichiometry, grain size, and Na addition on the 
electronic properties of Cu2ZnSnS4 thin films 
5.1 Introduction 
Copper zinc tin sulfide (Cu2ZnSnS4  or CZTS) is a promising candidate to be used as an 
inexpensive, earth abundant absorbing layer in thin-film solar cells. Power conversion 
efficiencies of solar cells made from CZTS have already reached  8.4 %.1 Efficiencies of 
solar cells made from copper zinc tin sulfide selenide alloys (Cu2ZnSn[S,Se]4  or 
CZTSSe) where some of the S anions are replaced with Se are even higher and have 
rapidly increased to 12.6%.2 Naturally, there is a tremendous interest in advancing our 
understanding of the fundamental electronic properties of CZTS and the factors that 
influence them. Specifically, electronic transport mechanisms and approaches to 
intentionally manipulate conductivities, carrier concentrations, and charge mobilities are 
still under investigation. Film synthesis and processing conditions have dramatic effects 
on the film properties such as stoichiometry, grain size, and impurity concentrations. 
These in turn affect the electronic transport and solar cell performance. Often, the 
interrelation between these properties are complex. For example, unintentional 
incorporation of group I metals such as Na and K through diffusion from the frequently 
used soda lime glass substrate into the film affects the grain size and possibly the charge 
carrier concentrations.  Large grain size can in turn influence the charge mobility. Thus, it 
is often difficult to isolate the cause and effect to elucidate process-structure-property 
relations in making CZTS films and solar cells. 
 Many experimental studies have found and demonstrated that Cu-poor and Zn-
rich CZTS layers result in the highest efficiency solar cells.3–5 Theoretical studies using 
first principal calculations based on density functional theory have tried to rationalize this 
observation based on the changes in defect concentrations in the CZTS as a function of 
the cation composition. These calculations have shown that altering the cation 
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stoichiometry of the CZTS layer not only affects the phase composition (i.e., leading to 
phase impurities such as Cu2-xS, ZnS, SnS, Cu2SnS3), but also the concentrations of 
defects such as copper vacancies and various antisite defects.5  For example, Chen et. al. 
studied how stoichiometry influences the presence of various defects and defect 
complexes that alter not only the local band edge positions of the CZTS layer, but also 
the charge carrier concentrations.5 All reported CZTS films and single crystals have been 
p-type but a review of the literature, summarized in Figure 5.1, shows a wide spread in 
experimentally measured (through Hall effect) hole concentrations.6–20 Films that are Cu-
rich and Zn-poor tend to have the highest hole concentrations while films that are Cu-
poor and Zn-rich tend to have the lowest, an observation consistent with theoretical 
predictions.5 This observation is rationalized in terms of decreasing the ionized acceptor 
defect CuZn- concentration with decreasing Cu and increasing Zn concentrations. This 
defect is predicted be the dominant contributor to the hole concentration in the film and 
hence as the Cu concentration decreases, the overall hole density decreases. Orders of 
magnitude changes in carrier concentration with slight changes in stoichiometry is 
observed and such changes undoubtedly impact solar cell performance. While reasonably 
high carrier concentrations are desirable to decrease series resistances and lower the 
Fermi energy, a CZTS layer that has an exceptionally high carrier concentration will 
ultimately have a much narrower space charge region, resulting in inefficient collection 
of photogenerated carriers. Thus, the carrier concentration must be optimized through the 
Cu-to-Zn ratio.  Empirical optimization so far has lead to the diffuse region in the 
composition parameter space shown in Figure 5.1.    
 Changes in the hole concentration are not the only consequence of varying CZTS 
stoichiometry, however, as self compensated defect clusters are also prone to form.5 
While these clusters do not contribute to carrier concentrations, they may have dramatic 
effects on local band fluctuations. Within the chemical potential bounds of phase pure 
CZTS, the three most prominent self compensated defect clusters are predicted to be 
[2CuZn-+SnZn2+], present in high concentrations in Cu-rich Zn-poor films, and [VCu-
+ZnCu+] and [ZnSn2-+2ZnCu+], present in high concentrations in Cu-poor Zn-rich films.  In 
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Cu-rich Zn-poor films, the [2CuZn-+SnZn2+] complex decreases the conduction band edge 
by ~0.4 eV and increases the valance band edge by ~0.2 eV. These large local 
fluctuations may lead to higher carrier recombination rates in solar celles made from Cu-
rich Zn-poor CZTS films. In Cu-poor Zn-rich films, the formation of [VCu-+ZnCu+] and 
[ZnSn2-+2ZnCu+] have a negligible effect on the local band edges. In summary, first 
principle calculations predict that stoichiometric inhomogeneities can affect the solar cell 
performance by altering both the hole concentrations and local band edges. 
 An unintentional consequence of building CZTS solar cells on soda lime glass is 
the introduction of metallic impurities, in particular group I metals such as Na and K, into 
the CZTS layer. These impurities in the CZTS film are expected to affect the solar cell 
performance. Recently, we have shown that when a soda-lime glass substrate is used, Na 
and K from the substrate will readily diffuse into the CZTS layer and enhance grain 
growth during synthesis,21 and films grown on SLG have large grains. This grain growth 
enhancement can also be achieved by introducing Na and K in other ways, through vapor 
phase addition,21 through NaF layers evaporated onto the substrate prior to CZTS layer 
formation,22 and through aqueous Na2S treatments.23 As in CuInxGa1-x(S,Se)2 (CIGS),24–
26
 solar cells, it appears that the addition of Na may also improve CZTS solar cell 
performance.22,27 While the mechanism behind this improvement in CZTS solar cell 
performance is not known, in addition to grain growth enhancement, Na has been shown 
to passivate grain boundaries and eliminate defects.28 In CZTS single crystals, the 
addition of Na has been correlated with increasing hole mobility and  concentrations, as 
well as decreasing compensation.29 These findings are similar to those in CIGS, where it 
has been shown that Na and K not only increase the grain size and improve the 
crystallinity of the CIGS films, but can also increase conductivity and hole 
concentrations.30 Unfortunately, it has been nearly impossible to separate the affects of 
Na addition and increases in grain size, which may mask the role of grain boundaries in 
defect chemistry and transport. 
 
  
Figure 5.1 Hole concentrations, compiled from literature, as a function of CZTS cation 
composition.6-20 Lines of constant Cu
used in this study were 2.4, 2.0 and 1.
yields the highest performing solar cells. The squares surrounded with thick black lines are the 
small-grained CZTS films studied in this work 
 
 To understand and isolate the individual effects of Cu
Na incorporation on the carrier concentrations, carrier mobilities and electronic transport 
mechanisms in polycrystalline CZTS films, we synthesized and studied in detail a set 
nine different films on impurity
synthesized using ex situ
the Cu-Zn ratio in the film can be controlled by adjusting the relative sputtering
the Cu-Zn, and Cu-Sn targets
and all films were sulfidized at 600 
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-to-Zn ratio (Cu/Zn) are drawn and labeled. The Cu/Zn ratios 
9. The shaded area corresponds to the composition region that 
(vide infra).   
-to-Zn ratio, grain size, and 
-free crystalline quartz substrates. All films were 
 sulfidation of co-sputtered Cu-Zn-Sn metal alloy films where 
. The Cu-to-Sn ratio was kept constant at ≈ 2 for all of films 
oC. Three sets of precursor films were deposited. 
 
of 
 rates of 
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Each set was comprised of three films with the same Cu-to-Zn ratio: the Cu-to-Zn ratio of 
the films in the three sets were Cu/Zn=2.4 (Cu rich), Cu/Zn=2.0 (stoichiometric), and 
Cu/Zn=1.9 (Cu poor). One film from each set was sulfidized in 35 Torr of S vapor (1 mg 
S in the sulfidation tube): sulfidation at this pressure results in disordered small-grained 
films. This gave three films with nearly the same average grain size but with different 
Cu-to-Zn ratio. To investigate how grain size affects the properties of the films, a second 
film from each set with different Cu-to-Zn ratio was sulfidized at a higher sulfur vapor 
pressure. Specifically, films were sulfidized either at 540 Torr by including 15 mg of S in 
the sulfidation tube (for Cu-rich film) or 3600 Torr by including 100 mg of S (for 
stoichiometric and Cu-poor films). The higher S pressure during sulfidation results in 
much larger CZTS grain sizes.31 Finally, a third film from each set was sulfidized under 
the same conditions as the first set, but prior to sulfidation the ampoule walls were coated 
with 0.3 µmol of NaOH, a method designed to incorporate Na into the film through the 
vapor phase.21 This approach produced the matrix of nine films shown in Figure 5.2. The 
films in rows 1, 2 and 3 have Cu-to-Zn ratios of 1.9, 2.0 and 2.4, respectively. The films 
in column 1 all have small grain sizes and no Na while the films in column 2 all have 
much larger grains than those in column 1 but also no Na. The films in column 3 have 
similar grain sizes to the films in column 2 but these films also contain Na. 
 The electronic properties of all of the films in figure 5.2 were studied using 
temperature dependent resistivity and Hall effect measurements. All films were found to 
be p-type but the hole concentrations exhibited a strong dependence on the Cu-to-Zn ratio 
with Cu-rich films having extremely high hole densities, on the order of 1020 cm-3. In 
contrast, Cu-poor films exhibited the lowest hole concentrations, as low as 2.7×1015 cm-3. 
We found that in stoichiometric and Cu-poor films, increasing the grain size increased the 
hole mobility and decreased the hole concentration. While increasing mobility with larger 
grain size is expected and easy to understand in terms of reduced grain boundary 
scattering, the reasons for the decrease in carrier concentration are not as obivious. In this 
defect-doped material the decrease in hole concentration must be understood in terms of 
decreasing defect concentrations. If the defects that result in doping are at the grain 
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boundaries, larger grains and reduction in the grain boundaries may lead to reduction in 
the hole concentration. Alternatively, the micron-scale increase in order may be 
concomitant with and translate into increased small-scale local order such that defect 
states that lead to doping are also removed. In contrast, when the grain sizes in Cu-rich 
films were increased there was no reduction in the hole concentrations.  We found that 
the addition of Na increased the carrier concentrations in the stoichiometric and Cu-poor 
samples by as much as four orders of magnitude. This increase in carrier concentration 
was accompanied by a decrease in mobility, consistent with impurity scattering. The 
carrier concentrations in Cu-rich films were again unaffected by incorporation of Na into 
the films. 
 All films showed insulating behavior with electronic transport dominated by 
variable range hopping at low temperatures but crossing over to band transport at high 
temperatures in all but the most resistive films. All Cu-rich films had carrier 
concentrations that exceeded the critical carrier density for the metal-insulator transition, 
yet still behaved as insulators. This suppressed transition is indicative of high degrees of 
compensation and fluctuating band edges, which is most apparent in Cu-rich films. This 
makes Cu-rich films unsuitable for solar cells.  
 Finally, we briefly address how the presence of CuS can lead to very high carrier 
concentrations and electronic transport behavior similar to that in Cu-rich films, even 
when Cu/Zn < 1.9 and the CuS does not form a percolated network within the film. This 
shows that CuS can not only act as shunting path in CZTS solar cells, but it can also 
dramatically change the electronic properties of the layer. We hypothesize that the 
presence of the metallic CuS may introduce small, isolated, metallic regions in the CZTS 
film, and the resultant band structure may be quite similar to the one we propose for the 
phase pure Cu rich films. 
 
5.2 Experimental 
CZTS films were synthesized via ex situ sulfidation of 430 nm thick Cu-Zn-Sn alloy 
films. The metallic precursor films were co-sputtered from Cu/Zn (35 at% Cu) and Cu/Sn 
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(60 at% Cu) targets at 15 mTorr using Ar as the working gas with a chamber base 
pressure of 2×10-7 Torr. The precursor films were deposited on impurity-free crystalline 
quartz. The stoichiometry of the CZTS film was controlled by altering the composition of 
the precursor film. This was accomplished by varying the power supplied to the Cu/Zn 
and Cu/Sn targets and thus changing the sputtering rates. Following deposition, the Cu-
Zn-Sn precursor films were sealed in an evacuated quartz ampoule (base pressure of 10-6 
Torr) with 1 mg to 100 mg of solid S depending on the desired sulfur vapor pressure. A 1, 
15 and 100 mg S charge corresponded to S pressures of 36, 540 and 3600 Torr, 
respectively. Films with smallest grains were synthesized with 1 mg of S, while the Na 
free films with large grains were synthesized using 15 or 100 mg of S.  To compensate 
for tin deficiencies in the precursor films where Cu/Zn = 2.0 and 1.9, ~ 1 mg of elemental 
Sn was included in the sulfidation ampoule. This generated SnS vapor during sulfidation, 
which incorporates into the film until the Cu-to-Sn ratio reaches ~ 2.0.  The ampoules, 
containing the film and S, were placed in a box furnace and heated at a rate of 6.5 oC/min 
to 600 oC. All precursor films were sulfidized isothermally at 600 oC for 8 hours before 
cooling the ampoule back to room temperature naturally. Upon sulfidation, 430 nm thin 
Cu-Zn-Sn precursor films were transformed into ~2.2 µm thick CZTS films. Sodium was 
introduced into the films intentionally by coating the quartz tubes with a known volume 
and concentration of aqueous solution of NaOH. The NaOH solution was diluted from a 
purchased stock solution such that the final solution was of known molarity. Typically ~ 
1 mL of solution was added to the quartz tube, and the tube was then allowed to dry 
vertically in a convection oven heated to 100 oC. Once the tube was dried, the precursor 
film and 1mg of S were loaded and the sulfidation was conducted as usual. 
 The films were removed by breaking the ampoules and were characterized using a 
battery of methods including X-ray diffraction (XRD), confocal Raman scattering 
microscopy, scanning electron microscopy (SEM), and energy dispersive X-ray 
spectroscopy (EDS). Specifically, XRD patterns of the Cu rich sulfidized films were 
collected using a Bruker D8 Discover system equipped with a Cu Kα X-ray source, 0.5 
mm beam collimator, and a Vantec-500 2D area detector. The XRD patterns for the 
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stoichiometric and Cu poor films were collected on the same Bruker D8 Discover system, 
but with a Co Kα X-ray source. The patterns for these films were converted to account for 
the wavelength differences between the two X-ray sources and to be able to compare 
them directly with each other. Raman spectra were collected at room temperature using a 
WiTec alpha300R confocal Raman microscope equipped with a UHTS300 spectrometer 
and a DV401 CCD detector, and the films were illuminated with an Omnichrome Ar ion 
laser (514.5 nm, ~300 nm beam spot size). Raman scattering was collected in a 
backscattering geometry and dispersed with an 1800 lines/mm grating, resulting in a 
spectral resolution of 0.02 cm-1. The morphology and spatially averaged elemental 
composition of the sulfidized films were examined using a JEOL 6500 SEM equipped 
with a Thermo-Noran Vantage EDS detector. The electron energy was set at 15 keV both 
for imaging and EDS measurements. At this energy the EDS probe depth is estimated to 
be near 2 µm, ensuring that the entire depth of the sulfidized films was examined. The 
average grain size of the CZTS films was determined from SEM images by averaging the 
number of grains along randomly chosen lines. At least 100 grains were sampled for each 
film.  
   
 
5.3 Results & Discussion 
 The elemental compositions and grain sizes of the films in the matrix shown in 
Figure 5.2 are listed in Table 5.1. Figure 5.2 shows the SEM images of these films, and 
the differences in their grain sizes. Each of these films was also characterized using X-ray 
diffraction (Figure 5.3) and Raman spectroscopy (Figure 5.4) to examine their phase 
purity.  
 
  
Figure 5.2 SEM images of films used in this study. Each row corresponds to a different copper
zinc ratio (Cu/Zn): Films in row 1 (a
stoichiometric with Cu/Zn=2, and films in row 3 are Cu rich with 
shows films with small grains synthesized using low S vapor pressure (36 Torr) and without 
intentional Na addition. Column 2 (b, e & h) shows films with large grains synthesized using high S 
vapor pressures (540 or 3600 Torr) also without inten
films synthesized under same conditions as column 1 but with 3x10
sulfidation tube as described in the text. Column 3 has similar grain sizes to the films in column 2 but 
films in column 3 has Na incorporated in them.
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-c) are Cu poor with Cu/Zn=1.9, films in row 2 are nominally 
Cu/Zn=2.4. Column 1
tional Na addition. Column 3 (c, f & i) shows 
-7
 mol NaOH added to the 
 
 
-to-
 (a, d & g) 
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Figure 5.3 XRD from (a) CZTS films with small (250 - 320 nm) and (b) large (440 - 1200 nm) grains. 
(c) XRD from films synthesized with 0.3 µm of NaOH in the sulfidation ampoule. The XRD in panels 
(a), (b) and (c) correspond to the films in columns 1, 2 and 3 of Figure 5.2, respectively. The bottom 
panel displays the expected CZTS powder diffraction pattern for comparison.  
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Figure 5.4 Raman spectra from (a) CZTS films with small (250 - 320 nm) and (b) large grains (440 - 
1200 nm). (c) Raman spectra from films synthesized with 0.3 µm of NaOH in the sulfidation 
ampoule. The Raman spectra in panels (a), (b) and (c) correspond to the films in columns 1, 2 and 3 
of Figure 5.2, respectively. All peaks are consistent with CZTS. 
 
Table 5.1 Elemental compositions and average grain sizes of the films shown in the experimental 
matrix of Figure 5.2.  
 
Film Cu Zn Sn S 
 
Cu/Zn Grain Size (µm) 
Small 
Grained 
Cu rich 27.13 11.35 13.57 47.95 2.4 0.32 ± 0.05 
stoichiometric 26.36 13.15 12.80 47.69 2.0 0.25 ± 0.5 
Cu poor 24.84 12.96 13.37 48.83 1.9 0.31 ± 0.03 
Large 
Grained 
Cu rich 26.27 11.58 13.49 48.67 2.3 1.2 ± 0.2 
Stoichiometric 26.39 13.23 12.78 47.59 2.0 0.88 ± 0.2 
Cu poor 25.12 13.27 13.01 48.60 1.9 0.44 ± 0.06 
0.3 µm 
NaOH 
Addition 
Cu rich 28.06 11.20 14.38 46.36 2.5 1.14 ± 0.1 
Stoichiometric 25.15 12.62 13.37 48.86 2.0 1.13 ± 0.2 
Cu poor 23.75 12.66 13.84 49.75 1.9 1.0 ± 0.2 
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5.3.1 Carrier Concentrations and Mobilities as a Function of 
Stoichiometry, Grain size, and Na addition 
Stoichiometry 
 Figure 5.5 shows the resistivities, carrier concentrations and mobilities at 270 K 
for all the films shown Figure 5.2. Focusing on the resistivities of small-grained, 
impurity-free films, we see striking and significant differences among the three films 
with different Cu-to-Zn ratios. The Cu-rich film has the lowest resistivity (~0.2 Ω cm), 
while the stoichiometric and Cu-poor samples have resistivities three and four orders of 
magnitude larger, respectively, than the Cu-rich film.  To isolate and examine the effects 
of Cu-to-Zn ratio on carrier concentrations and mobilities, we compare the Hall-effect 
measurements on small-grain, impurity-free films CZTS films (i.e., column 1 in Fig. 5.2). 
The differences in resistivities is in large part due to the differences in carrier 
concentrations with the hole concentration varying widely over several orders of 
magnitude. The hole concentration in the Cu-rich film is 1.1×1020 cm-3, while the 
stoichiometric and Cu-poor samples have significantly lower hole concentrations, 
2.0×1019 and 1.5×1017 cm-3, respectively. Impressively, decreasing the Cu-to-Zn ratio 
from 2.4 to 1.9, which manifests itself as just a few percent change in the relative atomic 
composition, leads to a three order of magnitude decrease in the hole concentration. 
These values are graphed in Figure 5.1 (squares with black outline) and compared with 
other values reported in the literature values. Such comparison shows that these values 
are consistent with the range in hole concentrations measured and reported by others. As 
mentioned in the introduction, this trend in carrier concentration with Cu-to-Zn ratio is 
predicted by first principles calculations. The hypothesis that is consistent with all 
measurements and calculations to date is that the concentration of the ionized acceptor 
CuZn- decreases quickly with a decreasing Cu-to-Zn ratio and that this defect is 
responsible for the very high hole concentrations in the Cu-rich films.5  
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 The critical carrier concentration, nc, at which we would expect the film to 
undergo a insulator-metal transition can be calculated from a*B nc1/3 ≈ 0.25, where a*B is 
the effective Bohr radius.  Using the dielectric constant and effective mass reported in the 
literature,32 we find that a*B = 7.4 Å,  and nc = 3.9 x 1019 cm-3. The hole concentration in 
the Cu-rich film exceeds this value by one order of magnitude, so one would expect this 
film to exhibit metallic conductivity. However, as we will discuss below, this transition is 
suppressed, and all films, even when the carrier concentration exceeds nc, exhibit 
insulating behavior. 
 There are significant differences in Hall mobilities as well. The Cu-rich film 
exhibited the highest Hall mobility at 0.25 cm2 V-1 s-1, while the Hall mobilities in the 
stoichiometric and Cu-poor films were 0.0033 and 0.071 cm2 V-1 s-1, respectively. The 
low mobilities of the stoichiometric and Cu-poor films are below values that are 
physically meaningful when measured by Hall effect (~ 0.1cm2 V-1 s-1). While we observe 
a real and unambiguous Hall effect (see Figure 5.6), these low mobilities are indicative of 
a suppressed Hall effect, consistent with hopping transport (vide infra).31 A suppressed 
Hall effect would lead to an underestimated mobility and an overestimated carrier 
concentration. To elucidate the electronic transport mechanisms in these films we 
conducted a detailed analysis of the temperature dependent resistivity data (vide infra).  
 All the films exhibit what appears to be a very low mobility for solar cells. 
However, the measurement geometry used in this study gives the hole mobility in the 
plane of the film where the hole transport requires the crossing of many grain boundaries. 
In a solar cell, the relevant electronic transport is vertical through the film. This would 
require the crossing of much fewer grain boundaries. We attribute the low mobilities to 
both the disordered nature of these films and the relatively small grain sizes ranging from 
250 to 320 nm (Figure 5.2).  
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Figure 5.5 Resistivity, ρ, hole concentration, p, and hole mobility, µHall of CZTS films in Figure 5.2 as 
determined from the Hall effect measurements at 270 K. The dashed line labeled nc in the hole 
concentration panel corresponds to the estimated critical carrier concentration necessary for metal-
insulator transition. 
 
Grain Size 
 To examine the effects of grain size on the electronic properties of the CZTS 
films, precursor films with identical Cu-to-Zn ratio were sulfidized at low and high sulfur 
vapor pressures. This produced films with same Cu-to-Zn ratio but with different grain 
sizes. Increasing the S vapor pressure in the sulfidation ampoule increases the grain size 
in the CZTS films. Specifically, all small-grain films were synthesized at 36 Torr (1 mg S 
charged into the ampoule) while large-grain, impurity free films were synthesized at 540 
Torr (15 mg S charged into the ampoule for Cu-rich film) and at 3600 Torr (100 mg of S 
charged into the ampoule for the stoichiometric and Cu poor films). The average grain 
sizes of the resulting films are summarized in Table 5.1. The small-grain films 
synthesized at low S pressure correspond to the films in column 1 of the matrix in Figure 
5.1 while the large-grain films synthesized at high S vapor pressure are those shown in 
column 2. The grain sizes of the films synthesized at high S pressure are typical of the 
films used in solar cells. Importantly, these films were grown on a impurity-free quartz 
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substrate and did not have Na incorporated in them. Often, the grain sizes in CZTS films 
are increased by growing the film on SLG. Na from SLG has been shown to increase the 
grain sizes but it can also have additional effects such as doping the film or passivating 
the electronic defects. Increasing the grain size using the S pressure and without Na 
addition isolates the effect of grain size on the electronic properties without 
complications from the other effects of Na.  
 Figure 5.5 compares the resistivities, hole concentrations and mobilities of films 
with small and large grains and with different Cu-to-Zn ratio (i.e., compare left and 
middle columns). Focusing on the resistivity values we see that both the Cu-poor and 
stoichiometric films with large grains have lower resistivities compared to their small-
grained counterparts. In contrast, the resistivity of the Cu-rich film remains essentially 
unchanged and appears not to be strongly affected by the grain size. Consistent with its 
unchanged resistivity in the Cu-rich film, the Hall effect measurements (Figure 5.5) show 
that, there is essentially no change in the hole concentration or the mobility. The hole 
concentration and mobility in the Cu-rich large-grain film are 1.6×1020cm-3 and 0.14 cm2 
V-1 s-1, respectively, compared to 1.1×1020cm-3 and 0.25 cm2 V-1 s-1 for the Cu-rich small-
grained film. Both of these hole concentrations are larger than the critical carrier 
concentration for metal-insulator transition. In contrast, the hole concentrations in the 
stoichiometric and Cu-poor films decrease with increasing grain size. The hole 
concentration in the stoichiometric and Cu-poor films with large grains are 6.5×1018 cm-3 
and 2.7×1015 cm-3, respectively. These hole concentrations are significantly lower than 
the corresponding values in the small-grain films, 2.0×1019 cm-3 and 1.5×1017 cm-3, for 
the stoichiometric and Cu-poor films, respectively. The stoichiometric and Cu-poor films 
with larger grains also have higher Hall mobilities at 0.32 cm2  V-1 s-1 and 2.21 cm2  V-1 s-
1
, respectively. These values are significantly larger than those measured in the 
corresponding small-grained films. The mobility of the large grained Cu-poor film in 
particular is now in the range that maybe suitable for solar cells.   
 The increase in the carrier mobility in the stoichiometric and Cu-poor films is 
expected because there is a significant increase in crystallinity and grain size. The 
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decrease in carrier concentration, however, is more surprising. We do not attribute this to 
a change in S concentrations in the films with the increasing S pressure. First, within the 
accuracy of the EDS, the S concentrations are the same for films grown under high and 
low sulfur pressures. Second, if  there was a change in S concentration, the most likely 
consequence would be a decrease in the concentration of  S vacancies with increasing S 
pressure. Sulfur vacancies are expected to be n-type dopants, so that if their concentration 
were decreased, we would expect an increase in the hole concentration with increasing S 
pressure.5  This is opposite of the observed trend and does not explain the decrease in the 
hole concentration. The decrease in the hole concentration could be due to a decrease in 
disorder, which is certainly evident at the micron-level, such that the concentrations of 
defects or defect complexes that dope the film p-type are significantly lowered. It is also 
possible that the decreased hole concentration is tied to the decrease in grain boundary 
area. If the grain boundaries are defect rich and these defects dope the film p-type, the 
decrease in grain boundary area would be accompanied with a decrease in the 
concentrations of these defects and holes.  
 
 
Figure 5.6 Hall-effect data collected from the small-grained Cu-rich film (orange with p = 1.1×1020 
cm-3) and from the large grained stoichiometric film (black with p = 6.5×1018 cm-3). 
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Na Incorporation 
The CZTS films for highest performing solar cells are synthesized on a Mo-coated SLG 
substrate, and it has been demonstrated that Na diffusion from the SLG substrate leads to 
better solar cell performance.22,27 The presence of Na in the CZTS films may affect the 
structural and electronic properties of the film in several ways; it clearly boosts grain 
size,21 it may passivate the grain boundaries in the film28 or act as a dopant, increasing the 
carrier concentrations.27,33 To investigate the effects of Na on the electronic properties, 
we introduced Na into the CZTS films through the vapor phase by coating the sulfidation 
ampoule with NaOH.21 We examined only one Na concentration, 0.3 µmol NaOH 
loading, as this concentration gave us comparable grain sizes to those films that were 
sulfidized with 100 mg of S.   
 Na incorporation into the Cu-poor and stoichiometric CZTS films dramatically 
decreased their resistivities.  This decrease is obvious when comparing the resistivities of 
the large-grain impurity-free films (the middle column in Figure 5.5) with those of large-
grain films with Na (the right column in Figure 5.5). In fact, both the Cu-poor and 
stoichiometric films have  resistivities that are comparable to the Cu-rich films. In 
contrast, the resistivity of the Cu-rich film did not change significantly with introduction 
of Na. The Hall effect measurements of the hole concentration and mobility show that 
changes in both contribute to the changes in the resistivities of the stoichiometric and Cu-
poor films. Specifically, the hole concentration in the Cu-poor film increased 
dramatically from 2.7×1015 to 1.8×1019 cm-3 with Na incorporation, while the mobility 
decreased by an order of magnitude from 2.21 to 0.19 cm2 V-1 s-1. Similarly, the hole 
concentration in the stoichiometric film increased from  6.5×1018 to 2.3×1019 cm-3 while 
the mobility only changed slightly from 0.32 without Na compared to 0.28 cm2 V-1 s-1 
with Na. The hole concentration in the Cu-rich film with Na was nearly the same as that 
in the Cu-rich film without Na 1.4×1020 cm-3 versus 1.6×1020 cm-3, respectively. The hole 
mobility in the film with Na was approximately a factor of two lower, at 0.083 cm2 V-1 s-
1
. The Cu-rich film again had a carrier concentration that exceeded the critical carrier 
concentration. 
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 These measurements show that incorporation of Na into the CZTS film affects the 
hole  concentrations. In summary, Na incorporation increased the hole concentration by 
four orders of magnitude in the Cu-poor film and approximately a factor of two in the 
stoichiometric films. The hole concentrations in the Cu-rich film, however, remained the 
same, most likely because the Cu-rich films already had very high carrier concentrations. 
This increase in hole concentrations with Na incorporation is consistent with Li et al. and 
Nagaoka et al. who also demonstrated that the addition of Na to CZTS results in a higher 
hole concentrations. 27,29  While the mechanism is not entirely understood, Nagaoka et al. 
proposed that Na inhibits the formation of the donor defect ZnCu through the creation of 
NaCu, thereby decreasing levels of compensation and increasing the effective hole 
concentration.29 In the case of CZTSe solar cell devices, though, the introduction of 
excess Na in the form of NaF was accompanied by the formation of a deep acceptor level 
at 0.428 eV above the valence band.27 It is also possible that Na incorporation into the 
film may aid the formation of the ionized acceptor states CuZn- and/or VCu-. These 
mechanisms are even more intriguing considering the link between Zn diffusion, Na 
introduction, and grain growth observed by Gerhshon et al. where it was proposed that 
Na may complex with Zn and S to promote Zn incorporation.28 We also cannot rule out 
the formation of Na containing phases on grain boundary surfaces that may introduce 
new defect levels, in effect 'doping' the CZTS layer. Clearly, more research must be 
conducted to improve our understanding of the role of Na in increasing the hole 
concentrations in the CZTS films.  
 Surprisingly, the Cu-poor and stoichiometric films also exhibited a large decrease 
in mobility when Na was incorporated into these films. This decrease appears to be 
inconsistent with the observations by Gershon et al. and Nagaoka et al. who showed that 
the carrier mobility increased with Na incorporation.28,29 However, the mobility increase 
observed in these studies was likely due to the increase in the grain sizes and reduction of 
the grain boundary scattering. The decrease we witness in this study is most likely due to 
ionized impurity scattering. Indeed, a plot of all the Hall mobilities as a function of the 
hole concentrations (Figure 5.7) including those with Na shows that all physically 
  
meaningful mobilities fall on the same line.  Only the extremely low mobilities where the 
Hall effect is suppressed deviate from this line (shown in the shaded area in figure 5.7).
 These results provide strategies for rational control of the resistivity, carrier 
mobility and hole concentrations in CZTS films. To achieve films with reasonably low 
hole concentrations for solar cells, films must be stoichiometric or Cu
mobilities require large grain sizes which may be achieved either through high S pressure 
during synthesis or post synthesis annealing or through the introduction of Na (or K). 
Achieving a resistivity that is suitable for solar cells requires a careful balance in mobility 
and carrier concentrations because the mobility degrades with increasing carrier 
concentrations and increasing ionized donor scattering. One could control the amount of 
Na added into the film or the Cu
resistivity. While control over carrier concentrations and mobilities are undoubtedly 
important, we must also look at how stoichiometry, grain size and Na introduction affect 
the transport mechanisms within the CZTS films. 
Figure 5.7 The Hall mobility of all the CZTS films plotted as a 
The color denotes the stoichiometry of the film while the label on each point informs whether the film 
had small grains, large grains, or whether it contained Na. The dashed line is drawn to guide the eye. 
The shaded region indicates mobilities that are not physically meaningful with Hall effect 
measurements. 
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-to-Zn ratio to tune the carrier concentrations and 
 
 
function of the hole concentration. 
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5.3.2 Temperature Dependent Resistivity Measurements and Transport 
Mechanisms 
 Figure 5.8 shows the temperature dependence of the resistivities of all CZTS 
films in this study (i.e., all the films in the matrix shown in Figure 5.2). These 
measurements are commensurate with the Hall effect data at 270 K; Cu-poor films are the 
most resistive in all cases while Cu-rich films are the least resistive. Incorporation of Na 
into the films decreases the film resistivities and brings all the resistivity vs. temperature 
curves close to each other. All films, even when the carrier concentrations exceeded the 
predicted critical concentration, display insulating behavior. i.e., exponentially rising 
resistivity with decreasing temperature. The temperature dependence of the resistivity 
follows  ρ=ρo exp (To/T)m where the value of the exponent m, depends on the carrier 
transport mechanism. The value of m can be found in an unbiased manner from the slope 
of ln(w) vs ln (T) where w =-d(lnρ)/d(lnT); this method is also known as the derivative 
plot method. These ln(w) vs. ln (T) plots for the data in Figure 5.8 are shown for all films 
in Figure 5.9. Figure 5.9 also shows lines with slopes m= -1/2, m= -1/4 and m= -1, for the 
lowest, middle and highest temperature ranges for comparison. The m values determined 
by fitting the data in these three temperature ranges are listed in Table 5.2. All of the 
ln(w) values are positive but are offset in the vertical direction for clarity in Figure 5.9; 
this does not change the value of the slope (i.e. m). 
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Figure 5.8 The temperature dependence of the resistivities of (a) CZTS films with small (250 - 320 
nm) and (b) large grains (440 - 1200 nm). (c) Temperature dependence of the resistivities of films 
synthesized with 0.3 µmoles of NaOH in the sulfidation ampoule. The resistivity data in panels (a), 
(b) and (c) correspond to the films in columns 1, 2 and 3 of Figure 5.2, respectively 
 
We discuss the films with small grains first (column 1 in Figure 5.2). These films were 
the most resistive films in this study. The stoichiometric film could be fit with m ~ -0.25 
over the entire temperature range. This implies that the electronic transport mechanism is 
3D Mott variable range hopping (M-VRH), which follows the form ρ=ρMott exp 
(TMott/T)1/4, with  TMott= 18/kBLc3N(EF), where Lc is the localization length and N(EF) is 
the density of states near the Fermi level (EF).34 This observation is consistent with the 
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three dimensional nature of our films. This hopping transport is likely responsible for the 
suppressed  Hall effect. It is well-known that hopping transport suppresses the Hall 
effect, which in this case may lead to Hall mobilities that are low and physically not 
meaningful.  
 The Cu-poor film, over the entire temperature range measured, and the Cu-rich 
film, over the low temperature range of the Cu rich sample, exhibit temperature 
dependence with m ~ -1/2. This value may be interpreted as either Efros-Shklovskii 
variable range hopping (ES-VRH) or as  hopping between small highly conductive 
regions in an insulating matrix. In ES-VRH, Coulomb interactions open up a soft gap in 
the density of states at EF resulting in ρ=ρES exp (TES/T)1/2. Here, TES = 2.8e2/κkBLC where 
κ is the dielectric constant in the insulating limit.35 A T dependence where m = -1/2 may 
is also observed when electronic transport occurs via thermally assisted tunneling 
between nanoscopic conductive regions embedded in a more insulating matrix. 
Magnetoresistance measurements are required to discern between these two mechanisms, 
which were not performed with this set of samples. We can, however, confirm whether 
ES-VRH is reasonable by further considering the value of TES, which will be discussed 
below. In the Cu-rich film, at high temperatures, m appears to approach -1. This is 
typically interpreted as either simple activated transport or thermionic emission over 
grain boundaries in polycrystalline films. 
  The maximum value for TES (TmaxES) can be calculated by assuming that the 
minimum localization length is the effective Bohr radius aB*, which can be calculated 
using the published values of the dielectric constant (in the insulating limit) and the 
effective mass.32 We find that TmaxES ≈ 116,000 K. The values for TES, as well as TMott, 
extracted from the temperature dependent resistivity data are shown in Figure 5.10 for all 
films. These values were extracted by plotting ln ρ versus T-1/2 (or T-1/4 for M-VRH), such 
that the slope corresponds to TES1/2 (or TMott1/4). The values of TES for both the Cu-rich 
and Cu-poor films, 1638 K and 19412 K, respectively, are significantly below the 
maximum value and ES-VRH is in fact a possible conduction mechanism.  The value of 
TES for the Cu-poor film is notably larger than the Cu-rich film, which is expected given 
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the large difference in carrier concentrations; the values for LC and κ diverge with 
increasing p. Without knowing the values of LC and κ it is difficult to reach any other 
strong conclusions about the values of TES.  
 
Figure 5.9 The temperature dependent resistivity data plotted as ln(w) vs. ln (T) where w =-
d(lnρ)/d(lnT) for (a) CZTS films with small grains (250 - 320 nm) (b) for CZTS films with large 
grains (440 - 1200 nm) and (c) for large-grained CZTS films synthesized with 0.3 µmoles of NaOH in 
the sulfidation ampoule. The resistivity data in panels (a), (b) and (c) correspond to the films in 
columns 1, 2 and 3 of Figure 5.2, respectively. The dashed lines are not fitted, but lines with slopes of 
-1/2, -1/4, or -1 (labeled accordingly) to guide the eye. The fitted values for the slope, m, may be found 
in Table 5.2. 
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 Next, we discuss the electronic transport in CZTS films with large grains (column 
2 in Figure 5.2). The temperature dependence of the resistivity of Cu-poor and Cu-rich 
films are quite similar to their small grained counterparts. The exponent m is -1/2 for the 
Cu-poor film over the entire temperature range where measurements were possible. The 
exponent m is also -1/2 for the Cu-rich sample at low temperatures. The TES values for 
these films are all below the maximum possible value so that ES-VRH is feasible (Figure 
5.10). At high temperatures, the m value for the Cu-rich film again appears to approach -
1, the value expected for either activated transport or thermionic emission over grain 
boundaries.  The large-grained stoichiometric film has a lower resistivity than the film 
with small grains such that a lower temperature range can now be examined in our set up. 
In the stoichiometric films with large grains, m ~ -1/2 at low temperatures, indicating ES-
VRH is feasible. The extracted value of TES is certainly reasonable at 3735 K (Figure 
5.10). At intermediate temperatures, m ~ -1/4, indicating a transition to M-VRH. The 
temperature at which this crossover occurs (TCrossover) was estimated from the ln(w) vs. 
ln(T) plot to be ~54 K (Figures 5.9 and 5.10). The crossover temperature can also be 
predicted using the extracted values for TMott and TES such that TCrossover = 16TES2/TMott.36 
Using this method, a cross over temperature of 51 K is predicted (Figure 5.10), in very 
close agreement with the value estimated from the ln(w) vs. ln(T) plot. At higher 
temperatures, the m value for the stoichiometric film with large grains also approaches -1, 
and we believe this is due to activated transport. The predicted value for TCrossover assumes 
that only ES-VRH and M-VRH are present as electronic transport mechanisms. That the 
estimated and experimentally determined values of the crossover temperature agree well 
prompts us to conclude that thermionic emission is not occurring combined with VRH or 
activated transport. 
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Table 5.2 The force fit values for the slope m from the derivative plot for each of the films. The lines 
were fit by a linear regression. The corresponding temperature range for each fit is in parenthesis 
below the value for m. 
  m @ low T 
(range) 
m @ med. T 
(range) 
m @ high T 
(range) 
 
Small 
Grained 
Cu rich -0.45 (15 K - 145 K)  
-0.74 
(> 145 K)  
Stoichiometric  -0.26 (> 105 K)   
Cu poor  -0.60 (> 75K)   
Large 
Grained 
Cu rich -0.48 (25 K - 135 K)  
-0.68 
(> 135 K)  
Stoichiometric -0.44 (25 K - 50 K) 
-0.29 
(50 K - 180 K) 
-0.59 
(> 180 K)  
Cu poor  -0.57 (> 105 K)   
0.3 µm 
NaOH 
Addition 
Cu rich -0.46 (25 K - 165 K)  
-0.75 
(> 165 K)  
Stoichiometric -0.48 (15 K - 60 K) 
-0.33 
(60 K - 120 K) 
-0.57 
(> 120 K)  
Cu poor -0.45 (25 K - 50 K) 
-0.31 
(50 K - 140 K) 
-0.62 
(> 140 K)  
 
 Finally, we discuss the films with intentionally added Na. The resistivity curves 
are very close to each other (Figure 5.8), and the ln(w) vs. ln(T) plot reflects this. At low 
temperatures, all Na containing films show m ~ -1/2, with very similar TES values and all 
less than the maximum value for ES-VRH (Figure 5.10). Again, this means that we 
cannot rule out the possibility of ES-VRH or hopping between highly conductive, 
nanoscopic areas within the insulating CZTS matrix. At intermediate temperatures, the 
Cu-poor and stoichiometric films have an m value near -1/4, indicating a crossover to M-
VRH. The empirically measured and predicted values of TCrossover are again in close 
agreement (Figure 5.10). At high temperatures (T > 120 K), in all films, m approaches -1. 
In Cu-poor and stoichiometric films, this is likely due to activated transport because the 
agreement between the predicted and the measured crossover temperatures, TCrossover, 
allows us to eliminate the possibility of thermionic emission. 
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Figure 5.10 A summary of TES, TMott, and TCrossover extracted from the temperature dependent 
resistivity data in Figures 5.8 and 5.9. 
  
 We find that all of these films have remarkably similar transport mechanisms. At 
the lowest temperatures, when measurable, all films exhibit either ES-VRH or hopping 
between highly conductive regions in an insulating matrix. As temperature is increased to 
moderate temperature ranges, electronic transport crosses from ES-VRH to M-VRH in 
the stoichiometric films, and in the Na containing Cu-poor film. Finally, at high 
temperatures activated transport is approached.  
 We now address why the temperature dependence of the resistivities of Cu-rich 
films exhibit insulating behavior even though the carrier concentrations in these films 
exceeds the critical concentration for a metal-insulator transition. Suppression of the 
metal-insulator transition in a highly doped semiconductor is indicative of high levels of 
compensation and disorder within the gap. When coupled with local fluctuations in the 
band gap and band edges that are predicted to be prevalent in Cu rich films, a very 
disordered picture of the band structure,  illustrated in Figure 5.11, emerges. The carrier 
concentration may be high enough to lower the Fermi level such that it crosses the 
fluctuating valence band leading to small isolated metallic regions. In this case, when the 
carrier concentration exceeds nc, metallic regions do in fact form, however, due to band 
  
fluctuations they are localized and isolated from one another: 
form continuous conductive regions. Isolated, conductive regions embedded in a more 
insulating matrix would result in semiconductor
dependence of the resistivity on temperature.  The 
may well be due to hopping between nanoscopic metallic regions over traditional ES
VRH. This type of band structure and inclusion of metallic regions would clearly be 
undesirable for solar cells because they may lead to increased electron
recombination rates.  
 
Figure 5.11 An illustration of the CZTS band structure with high degrees of compensation and local 
band gap fluctuations. The dotted lines mark the expected position of the valence and conduction 
bands, while the solid lines show the fluctuations. In high hole density conditions, the Fermi level 
(dashed line) may be low enough to cross the fluctuating valance band in some locations, forming 
local metallic regions (shaded).
 
5.3.3 The Influence of CuS Formation
 One final issue that may also affect the electronic properties of CZTS films is the 
presence of Cu2-xS. It has been reported that the presence of the metallic Cu
xSe phases in CuInxGa1-x
This has also been shown for CZTSe with Cu
Typically these phases are removed prior to solar cell fabrication by s
them in KCN.37–40 We examined the effects of the presence of Cu
concentration, mobility and resistivity on a film such that Cu/Zn ~ 1.8, similar to the Cu
poor film examined above. During the synthesis of this film, no elemental Sn was 
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included within the quartz ampoule, which resulted in a slight Sn deficiency such that 
Cu/Sn was ~ 2.2. This film was sulfidized with just 1 mg of S and had no impurity 
addition. As shown in Figure 5.12 (b), small CuS flakes are scattered over the surface of 
the film (circled in orange). This phase was confirmed to be CuS by EDS analysis, as 
well as Raman microscopy (Figure 5.12 (d)).  However, the fraction of CuS is so small 
that it is below the detection limits of XRD, which is about ~ 1% (Figure 5.12 (c)). This 
demonstrates that CuS flakes do not make up a percolated network, but are interspersed 
at intervals much larger than their grain size over the surface of the film. No other 
secondary phases were detected. 
 Hall effect and temperature dependent resistivity measurements show that this 
film behaves significantly differently than the small-grained Cu-poor film discussed 
above. In fact, despite the low Cu/Zn ratio (~ 1.8) this film had electronic properties quite 
similar to the Cu-rich films. The room temperature resistivity was four orders of 
magnitude lower than the Cu-poor film discussed above (Figure 5.12 (a)). The hole 
concentration was 6.9 ×1020 cm-3, a concentration even larger than the Cu rich films. The 
Hall mobility was  0.059 cm2 V-1 s-1, a value that is slightly below what is physically 
meaningful. A significantly reduced mobility is expected, however, due to the high hole 
concentration and increased impurity scattering.    
 Even though the carrier concentration was an order of magnitude larger than the 
calculated critical carrier concentration, this film still behaved like an insulator with the 
resistivity increasing exponentially with decreasing temperature.  At low temperatures, m 
was ~ -1/2, much like the Cu-rich films. This would be consistent with either ES-VRH or 
hopping between nanoscopic conductive regions. TES is significantly below the 
theoretical maximum for ES-VRH, so we cannot rule out the possibility of ES-VRH 
occurring. However, considering the suppressed metal insulator transition evident in this 
film, we suspect that the band structure for this film is similar to that of the Cu-rich films 
described above and that hopping between metallic clusters is a likely possibility. At 
higher temperatures, m approaches -1, indicating a transition to either band transport or 
thermionic emission over grain boundaries.  
  
 It is unclear why the presence of CuS increases the hole concentration so 
dramatically. It is possible that this 
CuS is dispersed at length scales longer than the predicted accumulation region. Past 
results with CIGS suggest that Cu
fall below the detection limits of SEM or Raman spectroscopy, and we cannot rule ou
presence within this film. This could ultimately create parallel conduction paths along the 
grain surfaces, which would be detrimental to solar cell performance as it could lead to 
shunting. Clearly, this phase should be avoided, either by including 
of Sn to suppress Cu2-xS formation or by removing it with KCN after synthesis.
  
Figure 5.12 (a) Resistivity of a CZTS film containing CuS as a function of temperature. Resistivity of 
a Cu-poor film with no CuS precipitates is also shown for comparison. The inset parameters 
correspond to the CuS containing CZTS film. (b) SEM image of the film containing CuS, with a CuS 
flake circled in orange. (c) XRD from the CuS containing film. All pea
the expected powder diffraction pattern is shown as black vertical bars. (d) The Raman spectra from 
the CuS-containing CZTS film: panel (d) shows two spectra collected, using confocal microscopy, 
from isolated areas of CZTS (in 
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5.4 Conclusions 
We examined the carrier concentration, mobility, resistivity, and conduction mechanisms 
in CZTS films with different Cu-to-Zn ratios, grain size, and Na content. We found the 
Cu-to-Zn ratio to have a strong effect on the hole concentration in the films. Cu-rich films 
had hole concentrations in excess of the critical density for metal-insulator transition ( ~ 
1020 cm-3), while films that were Cu-poor had significantly lower hole concentrations (as 
low as ~1015 cm-3), especially in the absence of Na addition. While we found the Hall 
mobility to be closely tied to the carrier density due to impurity scattering, higher 
mobility films are achieved in films with large grains, synthesized either with elevated S 
pressures or with the addition of Na. The addition of Na to the CZTS films was 
accompanied by a large increase in hole density in the Cu-poor and stoichiometric films, 
which indicates that care must be taken to control the amount of Na added to the film lest 
the carrier concentration increases and the mobility decreases too much. 
  Regardless of stoichiometry, grain size, or Na addition, all films exhibited 
variations of variable range hopping at lower temperatures, which transitioned to 
activated band transport at high temperatures, except for the most resistive films. Despite 
hole concentrations in excess of the critical concentration for metal-insulator transition, 
Cu rich films still exhibited insulator like behavior. We propose that this suppression of 
the metal-insulator transition is due to very high degrees of compensation, and due to the 
large fluctuations in the valence band edge. While localized metallic regions may in fact 
form they do not percolate to lead to metallic behavior. 
 Finally, we found, despite a film having a low Cu-to-Zn ratio, the presence of 
Cu2-xS is accompanied by significantly higher hole concentrations. These hole 
concentrations can be even higher than the Cu rich films described above, yet the film 
still exhibits temperature dependence of resistivity expected from semiconducting films. 
Care must be taken to mitigate the presence of Cu2-xS, especially when making solar 
cells. 
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